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 Although proteomics research has been, hitherto, confined mainly to areas of 
drug discovery, diagnostics and molecular medicine, it offers a new and important 
perspective for studies of microbial physiological responses in biodegradation 
systems. Proteomics has been applied to elucidate biodegradation pathways, to 
monitor physiological consequences after metabolic engineering, and to advance the 
understanding of microbial growth and adaptation to mixed pollutants. In this research, 
proteomics analysis was used to study three previously reported phenomena in 
biodegradation involving Pseudomonas putida.  
The three model systems selected were: i) biodegradation of benzoate by P. 
putida P8 at high substrate concentration; ii) cometabolic biodegradation of phenol, 4-
chlorophenol and sodium glutamate by P. putida P8; and iii) cometabolic 
biodegradation of carbazole, sodium salicylate and p-cresol by P. putida ATCC 
17484. Two-dimensional gel electrophoresis (2-DE) was used to separate proteins 
extracted from P. putida cells harvested from the biodegradation systems. The 2-DE 
gel profiles were quantitatively compared using threshold criteria and statistical tools. 
Protein spots of interest were identified through database searching based on peptide 
mass fingerprints (PMFs) obtained using matrix assisted laser desorption/ionization-
time of flight mass spectrometry (MALDI-TOF MS). 
In the first system, eight catabolic enzymes involved in both the ortho-
cleavage (CatB, PcaI and PcaF) and the meta-cleavage (DmpC, DmpD, DmpE, DmpF 
and DmpG) pathways for benzoate biodegradation were identified in P. putida grown 
on 800 mg/L of benzoate while no meta-cleavage pathway enzymes were observed in 
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the 2-DE gel profiles of P. putida grown on 100 mg/L of benzoate. The activation of 
both the ortho- and the meta-cleavage pathways in P. putida P8 grown on high 
benzoate concentration was confirmed directly at the protein level. Furthermore, the 
down-regulation of the ortho-cleavage pathway in P. putida cells grown on 800 mg/L 
of benzoate compared to those grown on 100 mg/L of benzoate was suggested. In 
addition, another 28 differentially expressed proteins were also identified, including 
proteins involved in i) detoxification and stress response (AhpC, ATPase-like ATP-
binding region, putative DNA-binding stress protein, SodB and catalase/peroxidase 
HPI); ii) carbohydrate, amino acid/protein and energy metabolism (isocitrate 
dehydrogenase, SucC, SucD, AcnB, GabD, ArcA, ArgI, Efp and periplasmic binding 
proteins of several ABC-transporters); and iii) cell envelope and cell division 
(bacterial surface antigen family protein and MinD). Based on the data obtained, 
physiological changes of P. putida in response to growth on benzoate at different 
concentrations were discussed.  
A total of 49 protein spots were selected and identified in the 2-DE gels from 
P. putida P8 grown on the ternary substrate cometabolic system containing 200 mg/L 
of phenol, 200 mg/L of 4-chlorophenol and 1000 mg/L sodium glutamate. Among 
them, 16 protein spots were found differentially expressed in the two exponential 
growth phases during the biphasic growth, including 6 catabolic enzymes (DmpC, 
DmpD, DmpE, DmpF, DmpG and AspA) for substrate utilization. The expression 
levels of these enzymes during growth in the two growth phases correlated well with 
the substrate utilization patterns observed in previous kinetics studies. The expression 
of other proteins involved in detoxification and stress responses (DnaK, GroEL, HtpG 
and AhpC etc.), carbohydrate and energy metabolism (AtpD, AtpH, Tal, Eno), and 
environmental information processing (several periplasmic binding proteins of ABC 
 viii
transporters) as well as a multifunctional xenobiotic reductase (XenA) was 
quantitatively analyzed and discussed. 
In the final model system, 25 protein spots were identified in P. putida 
ATCC 17484 during growth in the ternary substrate cometabolic biodegradation 
system of carbazole (0.5 mg/L), sodium salicylate (200 mg/L) and p-cresol (10 mg/L 
or 70 mg/L). There were significant differences in the abundances of 8 proteins during 
growth at two typical p-cresol concentrations (10 mg/L and 70 mg/L). Specifically, 
GalU and beta-ketothiolase were involved in the biosynthesis of cell envelope and 
cytoplasmic membrane; GlnA and periplasmic putrescine-binding component of 
putrescine ABC transporter were involved in amino acid metabolism, and aldehyde 
dehydrogenase (ALDH) family protein was involved in the substrate utilization.  
Collectively, these results enhanced our understanding of the catabolic 
pathways and the physiological status of P. putida during biodegradation of aromatic 
compounds. A comprehensive understanding of the bacterial physiology during 
biodegradation processes may provide useful insights into effective approaches to 
stimulate or prepare the microorganism for in situ bioremediation applications. 
 ix
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1 INTRODUCTION 
This Chapter begins with a brief introduction of the research background. 
Thesis objectives and scope are then presented. Finally, the organization of the thesis 
is introduced.  
1.1 Research Background and Motivations 
Since the first bacterial genome of Haemophilus influenzae was completely 
sequenced in 1995, 435 bacterial genome-sequencing projects have been completed 
and around 700 are under way (www.ncbi.nih.gov). The analysis of genomic data has 
without doubt revealed the immense complexity of microorganisms in nature. 
However, the genome of an organism only gives a static overview of its functional 
potential, from which not much more information can be derived. For an organism, 
even if all the cells contain identical genetic information, the expression of the 
different genes into proteins takes place during different developmental stages or 
under different environmental conditions. On the other hand, it is their intracellular 
proteins, not their genes, which are responsible for the phenotypes of cells. It is 
impossible to elucidate the effects of environmental conditions by studying the genes 
alone. Proteomics (complementary to genomics), which deals with the high-
throughput analysis of gene products directly at the protein level, offers this 
possibility. Unlike the static genome, the proteome is dynamic, changing with time 
and environment, and it describes the dynamic process that occurs within a living 
organism. By correlating the differences in proteome patterns with biological effects, 
proteome analysis can provide a lot of useful information that currently cannot be 
obtained by other techniques. 
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Proteomics is an exciting new science and the growth of this field is expected 
to parallel that of genomics. Proteomics technologies currently play an important role 
in drug discovery, diagnostics, and molecular medicine. Judging from the number of 
journal publications that involved proteomics in their research (Figure 1-1), with an 
exponential growth rate, proteomics will become more and more attractive not only in 
medical sciences but also in interdisciplinary research areas such as biochemical 
engineering, and environmental biotechnology. 
Figure 1-1 Growth in the number of publications available through PubMed 
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=pubmed).   
 
In environmental science and engineering (ESE), biodegradation has been 
widely studied on the basis of degradation kinetics and treatment efficiency. 
Knowledge of biodegradation kinetics is vital for the design of bioreactors and the 
prediction of the fate of the pollutants during the waste treatment process. 
Characterization of phenotypic changes within the bacteria is also an important aspect. 






















instrumentation. Proteomics is a good complementary tool to kinetics analysis of 
biodegradation systems. By applying proteomics methods to biodegradation, a more 
comprehensive understanding of the biodegradation systems can be obtained. 
Proteomics can provide critical insights into the biodegradation kinetics of a pollutant 
mixture and the physiological responses of the bacteria during the biodegradation 
process. For example, through proteomics analysis of the microorganisms, 
information on the mechanisms of defense, detoxification and adaptation to chemicals 
can be obtained. Proteome profiling of the microorganisms will generate valuable 
knowledge that can be used to enhance biodegradation through metabolic and cellular 
engineering, and also to increase degradation efficiency in waste treatment processes 
through optimized environmental conditions for bacterial growth. 
Currently, the application of proteomics methods to biodegradation research is 
still at its infancy; very little of this research is currently available in the literature. In 
bioremediation, the genus Pseudomonas and the species P. putida, in particular, are 
paradigms due to their extraordinary capabilities in degrading aromatic compounds. It 
is exciting to note that the genome of Pseudomonas putida KT2440 was completely 
sequenced and recently published in 2002 (Nelson et al. 2002), which makes 
physiological understanding of P. putida based on proteome analysis feasible. Using 
proteomics tools, some interesting biodegradation phenomena previously reported in 
P. putida can now be elucidated at the protein level. For example, in studying the 
biodegradation of benzoate, it was found that a switch in degradation pathway 
(between meta-cleavage and the ortho-cleavage pathways) was observed when the 
bacteria cells were grown in different initial benzoate concentrations (Loh and Chua 
2002). This phenomenon was explained through an indirect inference of the metabolic 
pathway via experimental observations. A more direct proof of this is necessary, and 
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this can only be obtained through an analysis of the underlying proteins involved in 
the benzoate degradation pathway. 
In another study involving the cometabolic transformation of 4-chlorophenol 
(4-cp) in the presence of the specific growth substrate, phenol, and the conventional 
carbon source, sodium glutamate (SG), it was found that under certain unique 
concentration combinations of the three substrates, a biphasic growth pattern resulted 
(Wang et al. 2003; Wang and Loh 2000). Through experimentation and kinetics 
modeling, it was inferred that this was due to the disparity of the toxicity of 4-cp to 
phenol-oxidizing and SG-oxidizing enzyme activities. While this was sufficiently 
accepted, it is rather general in its meaning. This system offers proteomics analysis an 
excellent model to justify the power of the tool to biodegradation research. 
Another demonstration, the inhibition of p-cresol to the cometabolic 
transformation of carbazole in the presence of salicylate was observed (Yu and Loh 
2002). With different initial p-cresol concentrations, the inhibition levels were 
reported to be different. The cellular responses of the P. putida cells to p-cresol in this 
complex biodegradation system can be obtained using proteomics tools. Although 
there are many challenges, the future of the applications of proteomics to 
biodegradation research to obtain the physiological responses is promising. Based on 
research that is reported in the literature, it is clear that proteomics is becoming 
attractive to ESE researchers. 
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1.2 Research Objectives and Scope 
The overall objective of this research was to apply proteomics tools to 
biodegradation in order to elucidate the physiological responses of P. putida during its 
biodegradation of aromatic compounds. 
Specifically, the research programme comprised the following: 
1) Elucidate the degradation pathways and obtain the cellular responses of P. 
putida P8 during growth on benzoate; 
2) Understand the physiological changes of P. putida P8 during the biphasic 
growth on 4-cp in the presence of phenol and sodium glutamate; 
3) Obtain molecular insights into the inhibition of p-cresol to the cometabolic 
transformation of carbazole in the presence of salicylate by P. putida ATCC 
17484. 
The research conducted here was an initial demonstration of the power of 
proteomics in environmental science applications, which investigated biodegradation 
systems at the protein level only. Although information that can be obtained at the 
gene and the mRNA levels is also very important, it is important to note that direct 
manipulation of specific genes or the use of genetic engineering methods to create 
mutated species is outside of the current research scope. 
The results obtained from this research would advance the understanding of 
biodegradation processes involved in waste water treatment. The physiological 
information obtained during the respective biodegradation processes would contribute 
to the development of novel environmental biotechnological processes. 
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1.3 Thesis Organization 
This thesis comprises seven chapters. Chapter 1 provides a brief introduction 
and outlines the research background and objectives of this thesis. Published research 
in biodegradation of aromatic compounds and the current status of the state-of-the-art 
techniques in proteomics and the applications of proteomics in biodegradation are 
extensively reviewed in Chapter 2. Chapter 3 details the materials and methods used 
in this research. Chapter 4 presents the results obtained from a proteomics study 
focused on the biodegradation of benzoate to elucidate the degradation pathways and 
the cellular responses of P. putida during the pathway switch. Chapter 5 presents the 
proteome analysis of P. putida in the cometabolic system of 4-cp, benzoate, and 
sodium glutamate to elucidate the physiological changes during the biphasic growth. 
The physiological responses of P. putida to p-cresol inhibition on the cometabolic 
degradation of carbazole and salicylate are discussed in Chapter 6. Finally, Chapter 7 
summarizes the important findings and conclusions from Chapters 4 to 6 and several 
recommendations for future work.  
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2 LITERATURE REVIEW 
In this literature review, aromatic pollutants and their bioremediation are first 
introduced, followed by a brief review of the current status and molecular biology of 
aromatic biodegradation. These provide the fundamentals on which to base the 
discussion of the results obtained in this research programme. The concepts and 
current status of proteomics technologies and application in biodegradation studies are 
then reported. Finally, proteomics studies for P. putida are discussed and the key 
findings from proteome analyses are summarized.  
2.1 Aromatic Pollutants and Bioremediation 
Environmental pollutants released into the ecosystem, as a consequence of 
human activities, are usually compounds which are toxic to living organisms. Some of 
the major sources of environmental pollution in the ecosystem are summarized in 
Table 2-1. 
 
Table 2-1 Summary of environmental pollution in the ecosystem 
Major sources Environmental pollution 
Chemical and pharmaceutical industries Xenobiotics and synthetic polymer 
Pulp and paper bleaching Chlorinated organic compounds 
Mining Heavy metals 
Fossil fuel (coal and petroleum) Oil spills 




Among the major environmental pollutants, aromatic compounds are of great 
concern because they are relatively persistent in the environment due to the high 
thermodynamic stability of the benzene ring. Some representative aromatic 
hydrocarbons are shown in Table 2-2. 
Table 2-2 Representative aromatic compounds in the environment 
Aromatic compounds Representative pollutants 
Monocyclic hydrocarbons 
Benzene, toluene, ethylbenzene, and xylene (BTEX), 
phenol, benzoate 
PAHs Naphthalene, phenanthrene, anthracene 
Chlorinated hydrocarbons Chlorobenzene, chlorinated toluenes, chlorophenols 
Polychlorinated biphenyls 
(PCBs) 
Arochlor, Phenochlor, Pyralene 
 
It has long been known that aromatic pollutants can have various toxic effects 
on humans. Some of them have acute carcinogenic, mutagenic and teratogenic 
properties. For example, benzo[a]pyrene is recognized as a priority pollutant by the 
US Environment Protection Agency (USEPA) (www.epa.gov) because it is known to 
be one of the most potently carcinogenic of all the polycyclic aromatic hydrocarbons 
(PAHs). Due to their toxicity and increased risk of causing cancer, aromatic pollutants 
are strictly regulated in drinking water (Table 2-3). To meet the remediation challenge, 
efficient and economically feasible technologies are needed.  
Bioremediation that harnesses the diverse metabolic processes of microbes can 
achieve complete elimination of the aromatic pollutants and can be cost-effective; 






Table 2-3 Representative aromatic pollutants and their MCLsa (mg/L) 
Contaminant MCLs Toxicity 
Benzene 0.005 
Anemia; decrease in blood platelets; increased cancer 
risk 
Benzo[a]pyrene 0.0002 Reproductive difficulties; increased cancer risk 
Chlorobenzene 0.1 Liver or kidney problems 
Ethylbenzene 0.7 Liver or kidney problems 
PCBs 0.0005
Skin changes; thymus gland problems; immune 
deficiencies; reproductive or nervous systems 
compromise; increased cancer risk 
Pentachlorophenol 
(PCP) 
0.001 Liver or kidney problems; increased cancer risk 
Toluene 1 Nervous system, kidney, or liver problems 
Xylenes (total) 10 Nervous system damage 
 










Table 2-4 Common bioremediation technologies (Watanabe 2001) 




microbial activity by 
introducing nutrients, 
oxygen, other electron 
donors/acceptors 
Inexpensive; effective at limited 
number of sites; uncertain results 
Bioaugmentation Stimulating with microorganisms 
Increased remediation rate; can be 
expensive; may not be effective 
Ex situ Applications 
Land-farming 
Mixing surface soil 
with waste and aerating 
the mix by tilling 
Easy to implement; rapid cleanup; 
requires large surface area 
Biopile 
Self-contained 
treatment in elevated 
beds 
Can be implemented in small site area; 
difficult to control/monitor; slow 
In situ Applications 
Dissolved oxygen 
in situ treatment - 
Very rapid remediation; works in both 
saturated and unsaturated zones; can be 
retrofitted to existing pump-and-treat 
and air sparging/vapor extraction sites; 
good process for introducing biological 
enhancements; excellent operating 




drainage to treat 
hydrocarbon 
contamination 
Can be effective in both saturated and 
unsaturated zones; removes 
contaminated groundwater in 
conjunction with biological 
enhancement; limited operating 
flexibility; unpredictable results; may 




Addition of a chemical 
in water that release 
oxygen 
Relatively easy to implement; may 
serve to temporarily appease 
regulators; not good for sites with 
moderate to high contamination; 
expensive on unit cost basis; no 
operating flexibility 
Bioventing 
Circulation of air 
through subsurface to 
encourage microbial 
degradation 
Works in unsaturated soils; relatively 
simple design; limited effectiveness in 





native microbes and 
chemicals 
Inexpensive; good for sites with proper 
chemical/physical and regulatory 
conditions; slow cleanup; requires 
long-term monitoring; increased site 
characterization requirements 
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2.2 Bacterial Utilization of Aromatic Pollutants 
2.2.1 Major Bacteria 
A wide phylogenetic diversity of bacteria such as species of the genus 
Alcaligenes, Acinetobacter, Pseudomonas, Rhodococcus, and Nocardia is capable of 
aerobic degradation of aromatic compounds. Among them, Pseudomonas species and 
closely related organisms have been the most extensively studied due to their great 
performance in degrading a wide range of aromatic compounds from benzene to 
benzo(pyrene).  
During the past two decades, anaerobic biodegradation of aromatic pollutants 
has also been a subject of extensive research. Major groups of anaerobic bacteria in 
the degradation of aromatic pollutants are listed in Table 2-5 which is modified from 
Table 1 of Zhang and Bennett (2005). 
Table 2-5 Major groups of anaerobic bacteria in aromatic biodegradation 
Pollutants Bacteria Comments References 
Benzene 
Geobacter spp. 
Oxidize benzene in 
Fe(II)-reducing 
conditions 
(Coates et al. 2001; 




into CO2 in 5 days 
Toluene 
G. metallireducens First pure culture for toluene oxidation (Chakraborty and 
Coates 2004; Lovley 
et al. 1989) 
Azoarcus spp. Facultative toluene-
oxidizing nitrate-






(Ball et al. 1996; 




related Mineralizes o- and 
m-xylene 
(Harms et al. 1999; 
Hess et al. 1997; 




PAHs Acidovorax Complete (Eriksson et al. 2003; 
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Bordetella degradation for 
naphthalene and 
partial for 3-5 ring 
PAHs 




P. stutzeri Mineralizes 7-20% 
naphthalene Vibrio pelagius-related 
PCBs Desulfitobacterium dehalogenans 
Dehalogenates 
flanking Cl of OH-
PCBs 






CP (Tartakovsky et al. 1999; Beaudet et al. 
1998; Bouchard et al. 
1996; Shelton and 
Tiedje 1984) 
Desulfitobacterium 
halogenans Dechlorinates at o- 





Degrades DDT as the 




(Chiu et al. 2004; 
Ruppe et al. 2004; 
Ruppe et al. 2003) 
Aerobacter 
aerogenes 









Although highly diverse bacteria present in the environment efficiently 
degrade many pollutants, most of the biodegradation processes are slow and thus may 
accumulate toxic pollutants in the environment. In addition, a variety of chemical 
structures of certain pollutants, especially some novel xenobiotics, are beyond the 
bacterial biodegradation capabilities because the bacteria have not evolved the 
appropriate catabolic pathways to decompose them. In this context, many novel 
strains with desirable bioremediation properties have been produced via manipulation 
of the specific catabolic pathway or the host cell using biomolecular engineering tools. 
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However, biosafety is a major issue when releasing recombinant bacteria into the 
environment. A more feasible strategy is to develop syntrophic bacterial consortia 
whose members are specialized in certain catabolic steps or in the biodegradation of 
certain pollutants in complex pollutant mixtures, such as the mixture of benzene, 
toluene, ethylbenzene, and xylene (BTEX). Research work with regards to the 
construction of bacterial consortia is still in its early stages. 
2.2.2 Biodegradation Mechanisms 
In biodegradation processes, aromatic compounds can be either electron 
donors or electron acceptors depending on the oxidation state of the pollutants. 
Oxygen is the most common electron acceptor for bacterial respiration. In aerobic 
biodegradation of aromatic compounds, oxygen plays an important dual role: (i) as 
electron acceptor for aromatic pollutants and (ii) being involved in the activation of 
the substrate via oxygenation reactions. Although the aerobic degradation of aromatic 
compounds has been extensively studied, polluted environments such as aquifers, 
aquatic sediments and submerged soils are often anoxic, in which alternative electron 
acceptors such as nitrate, Fe(III), and sulfate are needed. Some of the major bacterial 
respirations during biodegradation of aromatic compounds and their electron 
acceptors are shown in Table 2-6. Using benzoate as a model aromatic compound, the 
redox potential and the energetics (free-energy changes) of the biodegradation are 
also indicated in the table (Diaz 2004). 
For the biodegradation of aromatic pollutants, the use of electron acceptors 
other than oxygen depends on two factors: (i) the availability of the electron acceptor 
and (ii) the competition of different respiratory types of bacteria for electron donors. 
In terms of energy acquisition, biodegradation of aromatic pollutants using oxygen, 
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nitrate and Fe(III) as electron acceptors are almost at the same level. Comparatively, 
the energy generated in sulfidogenic and methanogenic conditions is much less, thus, 
the molar cell yields are rather low under these conditions. 









Aerobic/Pseudomonas O2 +800 -3174.6 
Denitrification/Azoarcus NO3- +430 -2977.3 
Ferric ion reduction/Geobacter Fe3+ +100 -3043.3 
Sulfate reduction/Desulfobacterium SO42- -270 -185.4 
Methanogenesis/Methanospirilllum CO2 -400 -124.3 
 
In certain bioremediation reactions, aromatic pollutants serve as electron 
acceptors rather than electron donors. For example, chlorinated aromatic compounds 
and PCBs are utilized as electron acceptors in reductive dechlorination processes. 
Although both aerobic and anaerobic biodegradation contribute significantly 
to the process of removal of aromatic pollutants from the environment, the aerobic 
mechanism is preferred because: (i) the process is fast and substantive; (ii) the initial 
introduction of oxygen into the aromatic hydrocarbons via hydration in the anaerobic 
processes is thermodynamically highly unfavorable. As a result, aerobic catabolism of 
aromatic pollutants is more prevalent in the biosphere.  
In aerobic degradation of aromatic compounds, well-defined channels within 
biodegradation pathways have evolved for most commonly encountered aromatic 
compounds. The evolution is not at all surprising in view of the vast turnover of 
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aromatic compounds in the carbon cycle. Structurally diverse pollutants are first 
transformed into a few key intermediates through many different peripheral pathways, 
which are then further channeled via a few central pathways to the central cellular 
metabolism (Figure 2-1). 






 (c)      
                
Figure 2-1 Aromatic compounds funneled to (a) catechol and (b) protocatechuate. 
Major aerobic routes of the aromatic-ring cleavage: (c) ortho-, meta-, and 
gentisate cleavage (Harwood and Parales 1996). 
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Most peripheral pathways carry out the oxygenation reactions catalyzed by 
mono- or di- oxygenases and convert the aromatic pollutants to dihydroxy aromatic 
intermediates. Intradiol dioxygenases or extradiol dioxygenases utilize the resulting 
dihydroxy intermediates as substrates and cleave the aromatic ring using oxygen 
between the two hydroxyl groups (ortho-cleavage) or proximal to one of the two 
hydroxyl groups (meta-cleavage). The ring-cleavage intermediates are then subjected 
to the subsequent central pathways leading to the formation of Krebs cycle 
intermediates.  
Catabolic enzymes involved in the aerobic catabolic pathway have been 
broadly grouped into peripheral (or upper pathway) and ring-cleavage (or lower 
pathway) enzymes. The lower pathway enzymes from various bacteria display 
significant functional similarity. The peripheral enzymes, however, recognizing and 
converting different aromatic pollutants into several central metabolites play more 
significant roles in degrading a variety of xenobiotics. Some enzymes that are 
associated with biodegradation of aromatic compounds are shown in Table 2-7. 
In the anaerobic biodegradation of aromatic compounds, the peripheral 
pathways converge to benzoyl-CoA (occasionally to resorcinol or phloroglucinol) 
(Figure 2-2a). Specific multi-component reductase catalyzes the dearomatizing 
reaction, where energy in the form of ATP is required. In some cases, both the typical 
anaerobic and aerobic features are combined in degradation pathways into so called 
aerobic hybrid pathways. The aerobic hybrid pathway for the catabolism of 
phenylacetic acid is a typical example, where phenylacetyl-CoA is formed in the 
initial step, followed by the aromatic-ring oxygenation reaction (Figure 2-2b).  
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Table 2-7 Enzymes associated with biodegradation of aromatic compounds 
(extracted from Whiteley and Lee (2006)) 
EC No. Classification and Properties Reaction 
1.7.1.6 
Azo reductase;  






Nitrate reductase;  
Donors: nitro compounds;  











































Figure 2-2 (a) Anaerobic degradation pathways for petroleum hydrocarbon, 
BTEX (Chakraborty and Coates 2004). A, Fumarate (HOOCCH=CHCOOH); 
E1, benzylsuccinate synthase (BSS); E2, ethylbenzylsuccinate synthase; E3, 
ethylbenzene dehydrogenase; E4, ethylbenzylsuccinate synthase; E5, benzoyl-




2.2.3 Current Status 
A) Simple aromatic hydrocarbons 
The biodegradation of simple aromatic hydrocarbons such as benzene, phenol 
and benzoate has been extensively studied since the inception of microbial 
degradation. Some of these hydrocarbons have been widely used as carbon and 
energy sources for bacteria in cometabolic transformation processes of non-growth 
substrates, such as chlorophenols, because they often co-exist in contaminated sites. 
In addition, these compounds are usually chosen as model pollutants to understand 
degradation processes, including biodegradation kinetics (Reardon et al. 2000; Rogers 
and Reardon 2000; Wang and Loh 2000), catabolic pathways (Patrauchan et al. 2005; 
Loh and Chua 2002), those for newly isolated microorganisms (Zaar et al. 2004; 
Coates et al. 2001) and to test certain novel bioremediation techniques (Li and Loh 
2006; Li and Loh 2006; Loh and Ranganath 2005; Carvalho et al. 2001). 
B) Polycyclic aromatic hydrocarbons (PAHs) 
PAHs in the environment mainly originated from volcanic eruptions and forest 
fires, petroleum and diesel spills, and industrial processes such as coal liquefaction 
and gasification. They are widely distributed in soils, sediments and groundwater. The 
contamination of PAHs is of great concern because their concentrations in 
contaminated sites are often high and they are usually associated with co-
contaminants such as BTEX, aliphatic hydrocarbons and heavy metals, which makes 
their biodegradation more difficult. Many different bacteria with catabolic pathways 
for the biodegradation of PAHs have been isolated from coal tar waste-contaminated 
sites. Recently, Madsen and colleagues (2003) have identified the active populations 
 20
using 13C labeled techniques. It was the first report that these native bacteria have 
actively contributed to the removal of PAHs from the environment. 
The catabolic pathways for PAHs, especially those for PAHs with 2 and 3 
rings, have been studied by many researchers (Bamforth and Singleton 2005; Ashok 
and Saxena 1995; Cerniglia 1992). Three main mechanisms in the aerobic metabolism 
of PAHs by bacteria and fungi have been characterized (Figure 2-3). Of particular 
interest is the pathway in which the aromatic ring is initially oxidized by mono- or di- 
oxygenase,  followed by the systematic breakdown of the compound to PAH 
metabolites and/or CO2. An example of this is the degradation of naphthalene by soil 
Pseudomonads as illustrated in Figure 2-4.  
A wide variety of bacteria have the ability to metabolize PAHs (Bamforth and 
Singleton 2005; Ashok and Saxena 1995; Cerniglia 1992); they are summarized in 
Table 2-8. Most of the PAHs-degrading bacteria oxidize naphthalene using 
dioxygenase enzymes. A few bacteria, such as Mycobacterium sp. are also capable of 
oxidizing the PAHs aromatic ring via cytochrome P450 monooxygenase enzyme to 
form trans-dihydrodiols rather than cis-dihydrodiol (Kelley et al. 1990). The initial 
monooxygenation of fluoranthene has been reported in Sphingomonas sp. LB126. 
This strain was able to co-oxidize anthracene, phenanthrene and fluoranthene without 










Figure 2-4 Main pathway in aerobic biodegradation of naphthalene by bacteria 
(Bamforth and Singleton 2005). 
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Table 2-8 PAH-degrading bacteria 
PAH Bacteria 
Naphthalene Acinetobacter calcoaceticus, Alcaligenes denitrificans, 
Mycobacterium sp., Pseudomonas sp., P. putida, P. fluorescens, 
P. paucimobilis, P. vesicularis, P. cepacia, P. testosteroni, 
Rhodococcus sp., Corynebacterium renale, Moraxella sp., 
Streptomyces sp., Bacillus cereus 
Acenaphthlene Beijerinckia sp., P. putida, P. fluorescens, P. cepacia, 
Pseudomonas sp. 
Anthracene Beijerinckia sp., Mycobacterium sp., P. putida, P. paucimobilis, 
P. cepacia, Phodococcus sp., Flavobacterium sp., Arthrobacter 
sp. 
Phenanthrene Aeromonas sp., Alcaligenes faecalis, Alcaligenes denitrificans, 
Arthrobacter polychromogenes, Beijerinckia sp., Micrococcus 
sp., Mycobacterium sp., P. putida, P. paucimobilis, Rhodococcus 
sp., Vibrio sp., Nocardia sp., Flavorbacterium sp., Streptomyces 
sp., Streptomyces griseus, Acinetobacter sp. 
Fluoranthene Alcaligenes denitrificans, Mycobacterium sp., P. putida, P. 
paucimobilis, P. cepacia, Rhodococcus sp., Pseudomonas sp. 
Pyrene Alcaligenes denitrificans, Mycobacterium sp., Rhodococcus sp. 
Chrysene Rhodococcus sp. 
Benz[a]anthracene Alcaligenes dentrificans, Beijerinckia sp., P. putida 
Benzo[a]pyrene Beijerinckia sp., Mycobacterium sp. 
 
The main pathway for bacterial degradation of anthracene proceeds through 3-
hydroxy-2-naphthoic acid, 2,3-dihydroxynaphthalene, and further through a pathway 
similar to the naphthalene degradation pathway. Species from the genera 
Pseudomonas, Sphingobium, Nocardia, Rhodococcus, and Mycobacterium are known 
to perform through this pathway. With detection of 3-hydroxy-2-naphthoic and o-
phthalic acids, a new catabolic pathway for anthracene by Mycobacterium sp. strain 
LB501T has been proposed (van Herwijnen et al. 2003). This diverges from the 
known pathway after the formation of 3-hydroxy-2-naphthoic acid.  
The toxicity of PAHs metabolites during bacterial degradation has been little 
studied. It has been reported that the metabolites of naphthalene, such as naphthalene 
dihydrodiols, are potentially more bioavailable and could be more toxic than the 
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naphthalene precursor. A study using a bioreactor to treat PAH-contaminated soil 
performed by Lundstedt and colleagues (2003) showed that oxy-PAHs, such as PAH-
ketones, quinines and coumarins were accumulated during the PAHs removal process. 
Oxy-PAHs accumulated are more toxic and more persistent than the parent 
compounds, highlighting the importance of complete mineralization of PAHs without 
accumulation of the catabolic intermediates, certain toxic dead-end products 
specifically.  
PAHs are classed as hydrophobic organic contaminants and have low 
bioavailabilities, thus resistant to biological breakdown. The bioavailability of PAHs 
increases at high temperature due to the increasing solubility, diffusion and reaction 
rates. At 60-70ºC, the efficient conversion of PAH with 3-5 rings (acenaphthene, 
fluoranthene, pyrene and benzo[a]pyrene) by pure and mixed cultures of extreme 
thermophilic bacteria Bacillus sp. and Thermus brockii were demonstrated 
(Feitkenhauer et al. 2003). A specific growth rate of 0.43 h-1 was obtained for T. 
brockii grown on pyrene with hexadecane as a degradable solvent. The use of these 
strains in temperature-controlled bioreactors could be a promising approach for rapid 
remediation of PAHs from industrial wastes or natural sources. 
PAHs are common contaminants in anaerobic environments such as aquifers 
and marine sediments. Due to the depletion of molecular oxygen during aerobic 
respiration, even soils, sediments and groundwater which are bioremediated through 
in situ oxygen stimulation techniques can develop anaerobic zones (Anderson and 
Lovley 1997). The anaerobic biodegradation of PAHs have only been recently studied. 
Pure cultures of nitrate-reducing and sulfate-reducing bacteria with capabilities of 
degrading naphthalene have been isolated, and PAH degradation was clearly 
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demonstrated under denitrifying and sulfate-reducing anaerobic conditions, with 
nitrate and sulfate as electron acceptors in the absence of molecular oxygen 
(Meckenstock et al. 2004; Meckenstock et al. 2000; Zhang et al. 2000). The 
mechanisms of the anaerobic biodegradation of PAHs are still far away from 
comprehensive understanding. A catabolic pathway for naphthalene under sulfate-
reducing conditions was proposed by Zhang et al. (2000) (Figure 2-5a), in which 2-
naphthoic acid instead of phenol as earlier proposed by Grbic-Galic was identified as 
a common intermediate (Zhang and Bennett 2005). In another study, the upper 
pathway of anaerobic degradation of 2-methylnaphthalene to the same central 
intermediate 2-naphthoic acid was proposed based on the identification of certain 
intermediates (Figure 2-5b, taken from Annweiler et al. (2000)). The studies on 
pathway analysis are still tentative. There may be other pathways yet to be elucidated 
(Meckenstock et al. 2004). 
C) Chlorinated aromatic compounds 
Chlorinated aromatic compounds have been released into the environment in 
large quantities as a result of their widespread use as herbicides, insecticides, 
fungicides, plasticizers, etc. Most of them are listed on the priority pollutants list by 
the US EPA (www.epa.gov). It has been reported that the turnover of chlorinated 
aromatic pollutants in the environment is largely determined by their susceptibility to 














Figure 2-5 (a) The proposed initial pathway for anaerobic naphthalene 
degradation under sulfate-reducing conditions; (b) the proposed upper pathway 
of anaerobic degradation of 2-methylnaphthalene (1) to the central intermediate 
2-naphthoic acid (8). Compounds marked with an asterisk were identified as free 
acids.  
 
The dehalo-respiring bacteria known to date belong to Dehalobacter, 
Dehalococcoides, Desulfitobacterium, Desulfomonile, Desulfuromonas and 
Suufurospirillum. In addition, strains from new genus and species designated 
Anaeromyxobacter dehalogenans have been isolated and shown to have the 
capabilities of growing on 2-chlorophenol, 2,6-dichlorophenol and 2,5-dichlorophenol 
(Sanford et al. 2002). Desulfomonile tiedjei DCB-1 and strain DCB-F dechlorinated 
3-chlorobenzoate to benzoate and obtained energy for growth by using the 
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chlorobenzoate as electron acceptor (Mohn and Kennedy 1992; Mohn and Tiedje 
1992; Deweerd and Suflita 1990; Linkfield and Tiedje 1990). Desulfitobacterium 
strain PCE1 dechlorinated 4-chlorophenylacetate to 4-hydroxyphenylacetate (Gerritse 
et al. 1996). Desulfitobacterium chlororespirans Co23 gained energy from the 
dechlorination of 3-chloro-4-hydroxybenzoate to 4-hydroxybenzoate and the 
reductive ortho-dechlorination of di- and poly-chlorophenols (Sanford et al. 1996). 
Among the dehalo-respiring bacteria, Dehalococcoides species seem to be of major 
environmental importance due to their capabilities of growing on vinyl chloride, 
chlorobenzenes, PCBs and even chlorinated dioxins (Adrian et al. 2007; Ballerstedt et 
al. 2004; Duhamel et al. 2004; Muller et al. 2004).  
In addition to the energy metabolism based utilization of chlorinated aromatic 
compounds, a number of studies have demonstrated that some chlorinated aromatic 
hydrocarbons could be transformed cometabolically by bacteria growing at the 
expense of one or more growth substrates. Loh and his research group (Li and Loh 
2006a and 2006b; Loh and Wang 2006; Loh and Wu 2006; Loh and Ranganath 2005; 
Wang and Loh 2000) have reported that 4-chlorophenol and 2-chlorophenol could be 
cometabolized by planktonic and immobilized P. putida cells in the presence of 
phenol as a growth substrate. The cometabolic degradation of 2-chlorophenol, 4-
chlorophenol, 2,4-dichlorophenol and 2,6-dichlorophenol by Burkholderia tropicalis 
was recently reported in batch and fed-batch cultures using phenol as the primary 
substrate (Cobos-Vasconcelos et al. 2006). However, highly substituted 
chlorophenols, such as 2,4,5-trichlorophenol, 2,4,6-trichlorophenol and 
pentachlorophenol could not be degraded. The phenomenon of cometabolism has 
been attributed to the broad-specificity catabolic enzymes induced by the growth 
substrate; both the growth substrate and the chlorinated aromatic hydrocarbons 
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compete for the same enzyme. The biodegradation rate of the chlorinated aromatic 
pollutants in the cometabolic processes depends on the electron flow from the growth 
substrate.  
As one of the most widely distributed classes of chlorinated aromatic 
pollutants, PCBs deserve a separate discussion. The recalcitrant PCBs have been 
extensively used for various industrial purposes and have become some of the most 
serious environmental pollutants worldwide. The first bacterial isolate capable of 
growing on biphenyl as sole carbon and energy source was introduced in 1970 (Lunt 
and Evans 1970). Since then, several biphenyl-degrading organisms that belong to 
Pseudomonas (Delawary et al. 2003), Burkholderia (Goris et al. 2004), 
Achromobacter (Kang et al. 1998; Moon et al. 1997), Comamonas (Bergeron et al. 
1994), Ralstonia (Becher et al. 2000), Acinetobacter (Asturias et al. 1994; Vasudevan 
and Mahadevan 1992; Adriaens and Focht 1990), Rhodococcus (Chung et al. 1994) 
and Bacillus (Shimura et al. 1999; Saagua et al. 1998) have been isolated . Adriaens 
and Focht (1990) were the first to describe biphenyl-degrading bacteria that could 
transform PCB congeners, which attracted researchers to the bacterial capabilities of 
transforming PCBs. The typical biphenyl degradation pathway is shown in Figure 2-6. 
This pathway is conserved among PCB/biphenyl degraders, where the 
conversion of biphenyl to a tricarboxylic acid cycle intermediate and benzoate is 
catalyzed by a series of enzymes: BphA, BphB, BphC, BphD, BphE, BphF, and 
BphG (Yoshiyuki et al. 2004). 
Although the bph-encoded pathway enzymes for biphenyl degradation are also 
able to transform PCBs, the cometabolic biotransformation is not sufficient in most 
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cases due to the toxicity of certain dead-end metabolites that are even higher than the 
parent PCBs. 
 
Figure 2-6 Biphenyl degradation pathway (Yoshiyuki et al. 2004). 
 
It is expected that only diverse microbial communities with complementary 
catabolic capabilities will be able to deal with complex PCB mixtures. It has been 
reported that most PCB degraders could only transform PCBs into chlorinated 
benzoates and grew at the expense of 2-hydroxypenta-2,4-dienoate, while chlorinated 
benzoates could be degraded by various bacteria via chlorocatechol, via hydrolytic 
dehalogenation of 4-chlorobenzoate to give 4-hydroxybenzoate, via 4,5-
dioxygenation of 3-chlorobenzoate and 3,4-dichlorobenzoate to give 5-









Figure 2-7 Pathways for the degradation of chlorobenzoates. Initial metabolic 
steps of a 3- and 4-chlorobenzoate degradation involving benzoate or toluate 1,2-
dioxygenase, b 2-chloro- and 2,5-dichlorobenzoate involving 2-halobenzoate 1,2-
dioxygenase, c 4-chlorobenzoate involving hydrolytic dehalogenation, and d 3-
chloro- and 3,4-dichlorobenzoate involving 4,5-dioxygenation are shown. 
Unstable intermediates are enclosed in brackets. Taken from Pieper (2005). 
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Representative bacterial strains with capabilities of chlorobenzoates 
degradation and their corresponding gene clusters encoding chlorobenzoates catabolic 
pathways are summarized in Table 2-9. 
Table 2-9 Gene clusters encoding chlorobenzoate catabolic pathways 
Bacterial strain Gene clusters  References 
P. putida AC858 clcR-ABCDE (Chatterjee et al. 1981) 
P. aeruginosa JB2 clcR-ABCDE (Hickey et al. 2001) 
Pseudomonas sp. P51 tcbR-CD ORF EF (Vandermeer et al. 1991) 
P. chlororaphis RW71 tetR-CD ORF EF (Potrawfke et al. 2001) 
W. eutropha NH9 cbnR-ABCD 
(Ogawa and Miyashita 
1999) 
Burkholderia sp. NK8 tfdT-CDEF (Liu et al. 2001) 
W. eutropha JMP134 
tfdA-S-R-DIICIIEIIFIIBIIK-T-
CIDIEIFIBI 
(Trefault et al. 2004) 
B. cepacia 2a (pIJB1) tfdD-R-CEBKA-F (Poh et al. 2002) 
Deftia acidovorans 
P4a 
tfdR-CIIEIIBKA-FE-DC-R (Hoffmann et al. 2003) 
Rhodococcus opacus 
1CP 
clcB-R-AD and clcA2D2B2F (Moiseeva et al. 2002) 
  
The chlorocatechols as the metabolic intermediates in the chlorobenzoate 
biodegradation could be further processed by enzymes involved in the widespread 
catabolic pathways for catechol metabolism (Figure 2-8). 
Much research work has been done in recent years to elucidate the genetic and 
biochemical basis of PCBs biodegradation. Based on the fundamental knowledge 
obtained, it becomes increasingly clear that microbial communities have to become 







Figure 2-8 Pathways for the degradation of chlorocatechols. C230 Catechol 2,3-
dioxygenase, CC23O chlorocatechol 2,3-dioxygenase, C12O catechol 1,2-
dioxygenase, CC12O chlorocatechol 1,2-dioxygenase, MCI muconate cycloisomerase, 
CMCIP proteobacterial chloromuconate cycloisomerase, CMCIR chloromuconate 
cycloisomerase, MLI muconolactone isomerase, CMLIR chloromuconolactone 
isomerase, DLHP proteobacterial dienelactone hydrolase, DLHR dienelactone 
hydrolase, tDLH trans-dienelactone hydrolase, MAR maleylacetate reductase. 
Unstable intermediates are enclosed in brackets. Taken from Pieper (2005).
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D) Planktonic versus biofilms 
In environmental biotechnology, microorganisms are primarily characterized 
in nutritionally rich culture media as planktonic, freely suspended cells. However, in 
natural environments, microorganisms most commonly exist as surface associated 
multicellular communities known as biofilms.  
The micro-environment for the cells in biofilms differs greatly from that of 
planktonic cells due to the formation of the biofilm matrix. Besides water, nutrients, 
metabolites and microbial cells, cell lysis products such as peptidoglycan, lipids, 
phospholipids, proteins, polysaccharides, DNA and RNA, are also components of the 
biofilm matrix (Singh et al. 2006). 
Cells in the biofilm have a better chance of adaptation and survival under 
environmental stresses due to the protective effects of the matrix. In addition, the 
biodegradation rate for aromatic compounds could be increased due to the close, 
mutually beneficial interactions amongst cells in the biofilm.  
Akinson (1981) had reported the use of biofilms for water treatment. Since 
then, biofilm reactors have become a focus of interest in the field of bioremediation. 
Lots of studies have been performed in using biofilm reactors for bioremediation of 
aromatic pollutants. Some typical applications are listed in Table 2-10, which was 





Table 2-10 Bioremediation of aromatic pollutants using biofilm reactor 
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2.2.4 Molecular Biology 
A) Catabolic genes and their regulation 
The genes responsible for the biodegradation of aromatic compounds are 
usually clustered, comprising catabolic genes encoding catabolic enzymes, transport 
genes encoding proteins for active uptake of the aromatic compounds and regulatory 
genes responsible for the regulation of the expression of both catabolic and transport 
genes. Although these clusters can be encoded in both the chromosomes and the 
plasmids, they are usually present in mobile genetic elements, such as transposons and 
plasmids. The plasmid-encoded catabolic pathways have the special advantage of 
facilitating the horizontal transfer of the respective catabolic genes in a microbial 
population, resulting in a rapid adaptation of microorganisms to the presence of new 
aromatic pollutants in a particular ecosystem. Some catabolic plasmids for the 
biodegradation of aromatic compounds are summarized in Table 2-11. 
A number of factors, such as the structure of the genes, enzymes, substrates 
and the metabolites, have been found to influence the expression of catabolic genes 
(Mishra et al. 2001). Usually, biodegradation at the substrate or the metabolite level is 
supposed to be coordinately regulated, whereas it is controlled by a set of structural 
genes encoding regulatory proteins at the gene level. LysR-type transcriptional 
regulators comprise the largest family of bacterial regulatory proteins identified so far. 
Several LysR type regulators have been found for degradation pathways of many 
aromatic compounds such as benzoate, phenols, and chlorobenzoates (Parsek et al. 
1994; Henikoff et al. 1988; Aldrich et al. 1987). In addition, other regulatory proteins 
from the IclR family, AraC/XylS family etc. have also been found to play important 
roles in the regulation of aromatic catabolic pathways. Extensive reviews on 
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regulatory systems for biodegradation pathways of aromatic compounds have been 
published by Diaz and Priets (2000) and Tropel and van der Meer (2004).   
Table 2-11 Catabolic plasmids for biodegradation of aromatic compounds 
(adapted from Dennis (2005)) 
Plasmid Aromatic substrates Bacterial strain 
pAC25 3-chlorobenzoate P. putida AC858 
pBRC60 3-chlorobenzoate C. testoteroni BR60 
pEMT3 3-chlorobenzoate Unknown soil bacterium 
pENH91 3-chlorobenzoate R. eutropha NH9 
pJP4 3-chlorobenzoate R. eutropha JMP134 
pTSA p-toluenesulfonate C. testosterone T-2 
pPS12-1 tetrachlorobenzene Burkholderia sp. PS12 
pSS60 4-chlorobenzoate Achromobacterium sp. LBS1C1 
pVI150 phenol Pseudomonas sp. CF600 
pCAR1 carbazole P. resinovorans CA10 
pND6-1 naphthalene Pseudomonas sp. ND6 
pL6.5 toluene P. fluorescens 
pWW53 xylene, toluene P. putida MT53 
pDTG1 naphthalene P. putida NCBI 9816-4 
pWW0 xylene, toluene P. putida mt-2 
NAH7 naphthalene P. putida G7 
SAL1 salicylate P. putida R1 
pSAH 2-aminobenzoate sulfonate Alcaligenes sp. O-1 
 
B) Designing bacteria for enhanced bioremediation 
Although microorganisms at contaminated sites could acquire biodegradative 
capabilities through an evolutionary or adaptive process, the efficiency of pollutants 
removal might be very low. To enhance the metabolic efficiency of microorganisms 
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for specific environmental applications, biomolecular engineering could be carried out 
to either construct a microorganism with desirable catabolic pathways using 
recombinant DNA technology (whole cell level) or to modify certain enzymes with 
desired characteristics using site-directed mutagenesis (enzyme level).  
Reineke (1998) extensively reviewed the construction of recombinant strains for the 
mineralization of chloroaromatics by patchwork assembly, in which pathways 
obtained from various bacteria were combined via conjugation into a single 
recombinant host to provide a complete pathway for mineralization of particular 
compounds. Some recent examples are: (i) cloning of the ohb operon from P. 
aeruginosa and the fcb operon from Arthrobacter globiformis into Comamonas 
testosteroni strain VP44 to render its capability to completely mineralize 
monochlorobiphenyls (Hrywna et al. 1999); (ii) constructing a hybrid pathway in 
Pseudomonas strains for biodegradation of 2-chlorotoluene using toluene dioxygenase 
to produce 2-chlorobenzyl alcohol, the TOL upper pathway to convert 2-chlorobenzyl 
alcohol to 2-chlorobenzoate, and the native or modified ortho-cleavage pathways to 
mineralize 2-chlorobenzoate (Figure 2-9) (Haro and de Lorenzo 2001); (iii) 
introducing the opd gene from Flavobacterium sp. ATCC 27551 and the p-
nitrophenol degradation pathway genes from Pseudomonas sp. ENV2030 into P. 
putida KT2440 to construct a parathion-degrading pathway (Walker and Keasling 
2002); (iv) introducing the genes encoding the 2,4-dinitrotoluene (2,4-DNT) 
degradation pathway from Burkholderia sp. strain DNT into P. fluorescens ATCC 
17400, which could completely degrade 2,4-DNT (Monti et al. 2005); (v) using E. 
coli as a host for cloning and expressing the genes encoding a novel partial reductive 
pathway for 4-chloronitrobenzoate and nitrobenzene from Comamonas sp. strain 







Figure 2-9 Assembly of a novel pathway for biodegradation of 2-chlorotoluene 
by engineered Pseudomonas strains. The toluene dioxygenase (TOD) enzyme of P. 
putida F1 on ortho-substituted toluene (encoded by the todC1C2BA genes) is 
employed to convert 2-chlorotoluene into 2-chlorobenzylalcohol. Then the TOL 
upper pathway genes xylB and xylC convert it all the way to 2-chlorobenzoate. 
Finally, the P. aeruginosa strains that host the engineered pathway have an 
intrinsic ability to consume 2-chlorobenzoate. P. aeruginosa JB2 seems to 
degrade this compound through a pathway that involves production of a 3-
chlorocatechol intermediate that can be funneled towards a modified ortho-
cleavage pathway. On the contrary, strain P. aeruginosa PA142 makes a 1,2-
dioxygenation that results in formation of plain catechol. This can be entered as 





In addition to engineering catabolic pathways, modification of certain genes 
encoding biodegradative enzymes is another approach to improve bioremediation 
properties. Approaches such as rational design using bioinformatics and site-directed 
mutation (top-down approach, Figure 2-10a) and directed evolution (bottom-up 
approach, Figure 2-10b) can increase the expression levels and/or specific activities 
for certain catabolic enzymes encoded by these genes.  
Enzymes are delicately folded proteins and even a small modification in a 
single trait of the enzyme may greatly change the biochemical properties. A huge 
amount of a priori information on the structural, mechanistic and dynamic properties 
is required for enzyme modification using rational design. Recent advances in related 
technologies such as X-ray crystallography and bioinformatics have rapidly improved 
the capability of rational design (Ang et al. 2005).  
Different from rational design, directed evolution circumvents the requirement 
of a priori knowledge on protein physical properties. This bottom-up approach 
involves the creation of a diverse library of gene variants through random 
mutagenesis or gene recombination techniques, followed by selection or screening to 
obtain the enzymes or pathways with the desired catabolic properties. Various 
successful modifications of some catabolic enzymes involved in biodegradation of 
aromatic compounds are summarized in Table 2-12. 
Several studies dealing with promoters instead of catabolic enzymes to 
enhance biodegradative properties have been reported. Ohtsubo and co-workers (2003) 
replaced the native bph promoter with various constitutive promoters through PCR, 








































Table 2-12 Modified catabolic enzymes for biodegradation of aromatic 
compounds 
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the PCB-degrading activity and extended the substrate range of Pseudomonas sp. 
strain KKS102. Genetically engineered E. coli with the chlorobenzene dioxygenase 
(CDO) gene from Pseudomonas sp. P51 under control of the P. putida Palk promoter 
produced 3-fold more CDO than a similar recombinant E. coli with CDO gene 
controlled by the lac promoter (Yildirim et al. 2005). 
In addition, recombinant DNA technology and in vitro mutagenesis can be 
used to produce hybrid genes encoding fusion proteins to enhance catabolic enzyme 
expression. Organophosphorus hydrolase (OPH) is an enzyme responsible for 
metabolism of organophosphate pesticides. During biodegradation of 
organophosphate, substrate diffusion limitation due to the barrier of cell membrane 
has been replaced to an important issue. To overcome the diffusion limitations, Wang 
et al. (2005; 2002) engineered E. coli to produce OPH fused with domains that 
allowed the fusion proteins to be expressed on the cell surface; rendering the 
recombinant E. coli an efficient degrader of the organophosphorus pesticides. 
Recently, similar work using fusion proteins to express OPH in the periplasm has 
been reported by Kang et al. (2006).  
Biosafety is a major issue when releasing biomolecular engineered 
microorganisms into any open contaminated environment due to the possibilities of 
the persistence of naturally undesired genes in the environment and their undesirable 
transfer to indigenous species. Studies on monitoring the levels and movements of 
engineered DNA in the environment and assessing the impacts of using engineered 
microorganisms in the bioremediation field are still in progress. 
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C) “Omics” approaches 
Although studies on bacterial isolates and microbial communities using local 
analysis approaches have greatly increased our understanding of the biodegradation 
processes and in situ activities, recent advances in genomics and high throughput 
analytical technologies enable us to globally understand the metabolic potential and 
cellular activity under various environmental conditions (Table 2-13).  
Table 2-13 Comparison of local and global analysis approaches 
Local analysis Global analysis 
Gene (PCR etc.) Genome (Primer walking, shotgun sequencing etc.) 
mRNA (Northern Blot, RT-PCR etc.) Transcriptome (DNA microarray) 
Protein (Western blot, N-terminal 
sequencing, activity assay etc.) 
Proteome (2-DE, multidimensional LC 
with MS/MS etc.) 
Metabolite (HPLC, GC, MS, NMR etc.) Metabolome (GC/MS, LC/MS, NMR etc.) 
 
Since the first publication of the bacterial genome sequence of Haemophilus 
influenzae, in 1995, as of December 2006, around 1000 bacterial genome projects are 
underway and 397 complete bacterial genome sequences are available 
(www.genomesonline.org). Among those with published complete genome sequences, 
Colwellia psychrerythraea, Dehalococcoides ethanogens, Deinococcus radiodurans, 
Geobacter dulfurreducens and Pseudomonas putida are several representative 
bacteria involved in bioremediation.  
The whole genome sequences have enabled researchers to identify genes and 
to predict their biological roles through homologous comparisons. Furthermore, 
“omics” approaches developed based on genome-wide information, such as 
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trancriptomics, proteomics and metabolomics have provided new insights to broaden 











Figure 2-11 (A) Traditional central dogma of molecular biology where the flow 
of information goes from gene to transcript to protein, also shown is where 
enzymes act on metabolism. (B) General schematic of the omic organization 
where the flow of information is from genes to transcripts to proteins to 
metabolites to function (or phenotype). (C) Traditional linear view of a metabolic 
pathway and the now accepted view of scale-free connections in a metabolite 
neighborhood; nodes are metabolites, whilst the connections represent enzymatic 
action. Taken from Hollywood et al. (2006).  
 
Proteomics is a high throughput method to analyze all the proteins in a cell. 
The protein-level analysis is of great importance in understanding bacterial 
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physiology during biodegradation processes because proteins are the functioning 
biomolecules in cellular activities. Proteomics technologies and its applications in 
biodegradation of aromatic compounds will be reviewed in Section 2.3. 
Transcriptomics is the global study of the expression and regulation of mRNA 
transcripts. DNA or oligonucleotide microarrays have been developed for the 
genome-wide transcriptional analysis. Metabolomics deals with low-molecular weight 
(typically <3000 m/z) intermediates or metabolites, provides insights into metabolic 
profiles and examines how proteins function to produce energy and materials in the 
cell. Transcriptome and metabolome analyses have been successfully used to study 
genome-wide expression profiles and metabolic profiles of bacteria during or relevant 
to aromatic compounds metabolism, such as exposure to toluene (Dominguez-Cuevas 
et al. 2006), growth on aromatic pollutants (Goncalves et al. 2006; Kuhner et al. 2005; 
Denef et al. 2004; Boersma et al. 2001) and metabolism of aromatic amino acids 
(Polen et al. 2005; Berka et al. 2003; Khodursky et al. 2000). Some representative 
studies are summarized in Table 2-14. Transcriptomics and proteomics analyses 
enable researchers to predict and identify unknown catabolic pathways using mRNA 
and protein data provided the exact information on gene sequences and/or protein 
characteristics, while metabolome analysis can be a powerful tool to validate the 
pathways. Although DNA microarray based transcriptome analysis is useful for 
understanding the physiological state of cells, as reported in many studies, mRNA 
expression patterns are not necessarily consistent with protein abundances and 
activities. The discrepancies could most likely be due to the posttranscriptional 
regulation of protein synthesis, posttranslational modification of proteins and 
differences in the half-lives of mRNA and proteins. Therefore, it is envisaged that the 
combined omics analysis of the transcriptome, proteome, metabolome, metabolic flux, 
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or enzyme activities will lead to comprehensive system-level understanding and 
provide insights into the rational design of microorganisms with enhanced 
bioremediation capabilities. Among the omics approaches, proteome analysis attracts 
the most attention in the sense that it is a powerful molecular tool to be able to 
elucidate the physiological responses of target bacteria to environmental stimuli 
directly at the protein level.  
Table 2-14 Representative transcriptome and metabolome analysis 
Bacterial 
species Analysis Conditions References 
P. putida Transcriptome 
Abiotic stresses by urea, 
benzoate, HCl and low-
temperature 








P. putida Transcriptome Exposure to toluene 
(Dominguez-
Cuevas et al. 
2006) 
E. coli Transcriptome Responses to phenylalanine and shikimate 






Growth on toluene and 
ethylbenzene 




Detection of genes involved 
in biodegradation and 
biotransformation 




Growth on benzoate and 
biphenyl 




Effects of genetic alterations 
and nutritional 
supplementations on  
tryptophan metabolism 
(Berka et al. 
2003) 
Rhodococcus 
species Metabolome Degradation of fluorophenols 
(Boersma et al. 
2001) 
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2.3 Proteomics Technologies in Bioremediation 
2.3.1 Proteomics Technologies 
A) Introduction 
Proteomics is one of the newest emerging technologies in functional genomics 
and arguably the most daunting omics approaches, which aim not only to identify and 
quantify proteins, but also to determine their localization, modifications, interactions, 
activities and their functions. The first proteome analysis was implemented by the 
introduction of 2-DE in the 1970’s. 2-DE enabled researchers to resolve protein 
mixtures based on isoelectric point (pI) and molecular weight (Mr) followed by 
visualization and quantification of the protein spots in the gels. Although 
microsequencing techniques had occasionally been used to identify some proteins 
after separation, 2-DE was essentially restricted as a descriptive technology. The 
landmark breakthrough in proteomics was the invention of two soft ionization 
methods for biomolecules in mass spectrometric analysis, namely matrix-assisted 
laser desorption/ionization (MALDI) and electrospray ionization (ESI) (Figure 2-12).  
Proteins or peptides are ionized using MALDI or ESI, which are then analyzed 
by a time-of-flight (TOF) or ion trap mass analyzer to generate the peptide mass 
fingerprints (PMF). In some cases, two of these analyzers could be connected in 
tandem to generate m/z profiles for the fragment ions, where sequence information 
could be obtained. The MALDI and ESI technologies and the improvements made in 
mass spectrometry instrumental accuracy, sensitivity and automation now render the 






Figure 2-12 Technical principles of MS technologies in proteome analysis. (A) 
ionization by MALDI; (B) ionization by ESI; (C)-(F) mass analyzers (Hufnagel 






B) Gel-based proteomics 
With a history of around 30 years now, 2-DE which couples isoelectric 
focusing (IEF) in the first dimension with SDS polyacrylamide gel electrophoresis 
(SDS-PAGE) in the second dimension remains a standard and most widely used 
proteomics tool for resolving protein mixtures from cells, tissues, or biofluids. In the 
first proteome study, O’Farrell (1975) was able to resolve and detect about 1100 
proteins from lysed E. coli cells on a single 2-D map. Depending on the gel size and 
pH gradient used, 2-DE has been demonstrated to have a resolving capacity of more 
than 5000 proteins simultaneously in a single gel at less than 1 ng of protein per gel 
spot.  
Immobilized pH gradient techniques for IEF separation is a major 
development in 2-DE history. It greatly improved gel reproducibility, rendering 
quantitative comparison between gels feasible (Norbeck and Blomberg 1997; 
Blomberg et al. 1995). Furthermore, the introduction of zoom gels with narrow-range 
pH gradient enhanced the capability and detection sensitivity of 2-DE. A study on E. 
coli proteome demonstrated that more than 70% of the entire proteome was displayed 
using 6 overlapping narrow pI range strips (pH 4-5, 4.5-5.5, 5-6, 5.5-6.7, 6-9 and 6-
11); however, only around 40% was revealed in the wide pI range (pH 4-10) analysis 
(Tonella et al. 2001). Another strategy to enhance the capability of 2-D gels was to 
employ sample pre-fractionation methods, such as sequential extraction with 
increasingly stronger solubilization solutions and preparative IEF separation. E. coli 
proteins were extracted sequentially with Tris-base, urea/CHAPS/DTT and then a 
combination of urea, thiourea and zwitterionic surfactants, where even membrane 
proteins have been identified (Molloy et al. 1998). 
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Coomassie brilliant blue staining and silver staining are the predominant 
protein detection methods in 2-DE. However, their low sensitivity or limited linear 
dynamic range may impede accurate quantitative analysis. Recently, the application 
of radioactive labeling or the use of novel fluorescent dyes, such as SYPRO Ruby and 
Flamingo, has been demonstrated to improve the quantitative data quality (Berkelman 
2006; Lanne and Panfilov 2005; White et al. 2004; Lopez et al. 2000). However, the 
biological differences between samples could still be masked by the intrinsic gel-to-
gel variability, compromising the quantitative comparison. To overcome these 
problems, both biological and analytical replicates have to be obtained and analyzed 
using statistical tools. Multiplexing technology using two-dimensional difference gel 
electrophoresis (2-D DIGE) is another approach to overcome the limitations in 
quantitative analysis. In 2-D DIGE, the simultaneous separation, detection and 
quantification of multiple samples tagged with fluorescent dyes could be performed in 
a single gel. Compared with conventional 2-DE method, using fewer gel replicates, 
quantitative data with high confidence level for expression profiling can be obtained 
statistically.  
As a widely used technique in proteome analysis, 2-DE has its advantages. 
The extremely high resolving power for complex protein mixtures and the 
straightforward visualization of separation and quantification results are its main 
strengths. In addition, proteins with post-translational modifications (PTMs) could be 
easily detected as separate spots in 2-D gels. The proteins isolated from gels could be 
further analyzed using mass spectrometry, where Mr and pI estimated from the 2-DE 
map would be helpful for positive identification in many cases in contrast to non-gel 
based methods with lost Mr and pI information.  
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Although many improvements have been made to address the technical 
limitations of 2-DE, to date, some challenges involved in proteomics studies cannot 
be addressed by gel-based strategy alone. In recent years, with the development of 
related sciences and technologies, gel-free strategies have become available in 
proteomics.  
C) Gel-free proteomics technologies 
The coupling of micro-scale separation, most commonly micro-capillary 
reversed-phase (RP) liquid chromatography (μLC), with automated MS/MS is the 
driving analytical platform for gel-free proteomics technologies. Protein mixtures are 
digested using certain enzymes, such as trypsin, to generate a highly complex peptide 
mixture. The peptides are separated by μLC based on their hydrophobicity and then 
eluted and directly introduced into the mass spectrometer usually via online ESI for 
ESI-MS/MS or offline spotting of peptides on sample targets for MALDI-MS/MS. 
Peptides are first analyzed over a wide m/z range and then individual peptide ion is 
selected using an m/z filter and subjected to collision-induced dissociation (CID) to 
generate a ladder of peptide fragments and analyzed by a second mass analyzer.  
The strategy combining μLC separation, MS/MS analysis and sequence 
database searching has become an effective gel-free platform for high throughput 
proteome analysis. However, the resolving power of 1-D separation by μLC may not 
be sufficient for many biological samples due to the extremely high complexity of 
peptides generated from complex protein mixtures, thus the information of low-
abundance proteins are often completely missed. This fact has motivated the 
development of multidimensional peptide separation for better resolving power and 
increased ability to detect low-abundance proteins. Yates and co-workers (2001; 2001) 
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coupled strong cation exchange (SCX) LC with RP μLC for peptide separation and 
demonstrated the effectiveness of this multidimensional LC peptide separation 
approach coupled with automated MS/MS (MudPIT). This approach has been shown 
to have high resolution for peptides separation and increased ability to identify low-
abundance proteins within a complex mixture. Recently, a variety of alternative gel-
free proteomics strategies have been proposed. Some representative approaches are 
shown in Table 2-15. 
The use of multidimensional separation techniques for gel-free proteomics 
analysis of complex protein mixtures allows previously undetected low-abundance 
proteins to be identified, providing more comprehensive understanding of proteome 
composition. However, unlike 2-DE gel comparison, it does not provide quantitative 
information on protein expressions. To overcome this limitation, several quantitative 
strategies have been developed using isotope tags (Table 2-16).  
Table 2-15 Gel-free proteomics strategies 
Separation MS Comments Reference 






Capable of resolving thousands 
of peptides with a single 
dimension separation 
(Shen et al. 
2001) 
Chromatofocusing (CF) 
and non-porous RP LC 
ESI-
TOF-MS 




SDS-PAGE and SCX 
LC and μLC 
ESI-ion 
trap-MS 
Effectiveness of combining SDS-
PAGE with MudPIT analysis was 
demonstrated 
(Breci et al. 
2005) 




Over 3000 proteins from whole-
cell yeast lysates were identified 
with an average of over 5 unique 
peptides identified from each 
protein 










Table 2-16 Main quantitative strategies in gel-free proteomics 
Strategy Description Comments Reference 
SILAC 
Stable isotope labeling of 
amino acid in cell culture; 
incorporates stable isotope-
labeled amino acids in vivo 
during cellular synthesis of 
proteins 
No preliminary enrichment 
step; Increase in sequence 
coverage of identified 
proteins 
(Oda et al. 
1999) 
ICAT 
Isotope-coded affinity tag; 
covalently labels side chain 
of reduced cysteine residues 
within proteins 
Easily enriched by avidin 
affinity chromatography; 
greatly reduces sample 
complexity 





enzymatic labeling of 
proteolyzed peptides with 
16O or 18O during proteolysis 
of proteins in the presence 
of light or heavy water 
Incomplete isotope labeling 
of peptides; Several methods 
have been developed to 
enhance labeling efficiency 
(Yao et al. 
2001) 
iTRAQ 
Amine reactive isobaric 
isotope tag; labels all 
peptide N-termini 
Isobaric tags allow 
simultaneous elution in 
column-based separation; 4 
distinct tags allow 4-way 
multiplexed experiment 








Among the listed quantitative strategies in MS-based proteomics, iTRAQ is a 
relatively new and very promising method which deserves a separate discussion. Each 
isobaric tag consists of a reporter group (based on N-methylpiperazine), a mass 
balance group (carbonyl), and a peptide-reactive group (NHS ester). The principle for 
iTRAQ analysis is illustrated in Figure 2-13.  
 
Figure 2-13 A mixture of four identical peptides each labeled with one member 
of the multiplex set appears as a single, unresolved precursor ion in MS 
(identical m/z) (i). Following CID, the four reporter group ions appear as distinct 
masses (114–117 Da) (ii). All other sequence-informative fragment ions (b-, y-, 
etc.) remain isobaric, and their individual ion current signals (signal intensities) 
are additive (iii and iv).  The relative concentration of the peptides is thus 
deduced from the relative intensities of the corresponding reporter ions (ii) (Ross 




Two quantitative methods, iTRAQ and ICAT, were compared using 
endometrial tissue homogenates from normal proliferative, normal secretory, and two 
cancer samples (DeSouza et al. 2005). Both methods detected similar number of 
proteins with cancer-specific expression level changes with only one protein detected 
by both methods, indicating the two methods are complementary in quantitative 
proteome analysis. Recently, iTRAQ was used to study the quantitative relationship 
between mRNA level and protein levels (Unwin et al. 2005). It has also been applied 
in biomarker discovery for disease diagnosis from clinic human biofluid samples 
(Hardt et al. 2005). Currently, iTRAQ reagents are commercially available and are 
applicable to analyze proteins from both cell culture and clinically relevant tissue or 
body fluids, together with its quick and simple protocol, efficient and ubiquitous 
labeling of all peptides in a mixture and ease of data interpretation, iTRAQ strategy 
should become increasingly popular among proteomics researchers in the near future. 
D) Data interpretation and proteome bioinformatics 
Besides sample preparation and MS characterization, data interpretation is also 
crucial for successful analysis of the proteins and peptides in the samples. Several 
different algorithms are available via the World Wide Web which allows for online 
data interpretation. An overview of the commonly used programs is given in Table 2-
17. In recent years, huge amounts of proteomics data have been generated. To utilize 
these previously obtained data, proteome databases are also available on the World 
Wide Web. 2-D PAGE databases storing 2-D gel images obtained from specific 
organisms have been established, allowing researchers to select spots for more 
information to match and identify them.  
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Table 2-17 Commonly used search engines and databases 
Online tools Description Web address 
Search engines 
Aldente 
A tool to identify proteins from PMF data. This 
new, fast and powerful tool takes advantage of the 




FindPept can identify peptides that result from 
unspecific cleavage of proteins from their 
experimental masses, taking into account 
artefactual chemical modifications, PTM and 
protease autolytic cleavage. 
http://au.expasy.org/tools/findpept.html 
GFS Genome-based PMF scanning.  http://gfs.unc.edu/cgi-bin/WebObjects/GFSWeb.woa/wa/default 
Guten Tag 
An empirically derived model of fragment ion 
intensities is used to provide increased accuracy 
when deriving sequence tags. These are then used 
to filter the database. Scoring by comparing 
experimental and theoretical spectrum derived 
using the fragment ion intensity model. 
http://fields.scripps.edu/ 
Lutefisk 
De novo interpretations nearly always yield 
multiple sequence candidates, where it is often 
difficult or impossible to distinguish the correct 
sequence from the incorrect ones. Filtering 
according to ion type eliminates most candidate 
sequences before outputting. 
http://www.hairyfatguy.com/lutefisk/ 
Mascot Based on MOWSE algorithm. Applicable to both PMF and tandem MS data. www.matrixscience.com 
MS-FIT Based on MOWSE algorithm. Searching any http://prospector.ucsf.edu/ 
 58
FASTA format database with PMF data from MS. 
MS-Seq Essentially the same as PeptideSearch, but with addition of sequence tag capabilities. http://prospector.ucsf.edu/ 
MS-Tag Searching with tandem MS data. Ranks peptides in descending order of number of matched ions. http://prospector.ucsf.edu/ 
PeptideProphet
Estimates the accuracy of peptide assignments to 
MS/MS spectra made by database search 
applications such as SEQUEST or Mascot. It 
computes accurate probabilities that search results 
are correct using a robust statistical model. 
http://proteinprophet.sourceforge.net/ 




A software tool designed to identify peptides from 
MS/MS spectra, on the basis of a sequence 
database. Scoring based on a probabilistic model 
and the Bayesian method. 
http://projects.systemsbiology.net/probid/ 
ProFound 
A tool for searching a protein sequence 
collections with PMF data. A Bayesian algorithm 
is used to rank the protein sequences in the 
database according to their probability of 
producing the peptide map. 
http://prowl.rockefeller.edu/prowl-cgi/profound.exe 
ProSight PTM 
Searching with tandem MS data. Scoring based on 




SEQUEST performs automated peptide/protein 
sequencing via database searching of MS/MS 






Division of GenBank. The entries are just short 
stretches of sequence, not complete proteins. 
Unavailable for PMF search.  
http://www.ncbi.nlm.nih.gov/dbEST/index.html 
MSDB Comprehensive, non-identical protein database. Specifically designed for MS applications. ftp://ftp.ncbi.nih.gov/repository/MSDB/msdb.nam 
NCBInr 
NCBI maintains composite, non-identical protein 
and nucleic acid databases for their search tools 
BLAST and Entrez. The entries in the protein 
database, nr , have been compiled from GenBank 
CDS translations, PIR, SWISS-PROT, PRF, and 
PDB. NCBI has made strong efforts to cross-
reference the sequences in these databases in 
order to avoid duplication. 
ftp://ftp.ncbi.nih.gov/blast/db/blastdb.html 
OWL 
OWL is a non-redundant composite of 4 publicly-
available primary sources: SWISS-PROT, PIR (1-
3), GenBank (translation) and NRL-3D. SWISS-
PROT is the highest priority source, all others 
being compared against it to eliminate identical 
and trivially-different sequences. The strict 
redundancy criteria render OWL relatively "small" 
and hence efficient in similarity searches. 
http://www.bioinf.manchester.ac.uk/dbbrowser/OWL/ 
SwissProt 
A curated protein sequence database which strives 
to provide a high level of annotation (such as the 
description of the function of a protein, its 
domains structure, post-translational 
modifications, variants, etc.), a minimal level of 




In addition to experimental proteome data, complete theoretical proteomes can 
also be retrieved from databases or generated by tools that calculate theoretical 
proteome maps. Major proteome databases and online resources are listed in Table 2-
18. 
Table 2-18 Major proteome databases and resources 
Databases/Resources Description Website 
SWISS-2DPAGE 
Contains data on proteins identified on 
various 2-D PAGE maps from human, 
mouse, Arabidopsis thaliana, 
Dictyostelium discoideum, E. coli, 
Saccharomyces cerevisiae, and 





A dynamic portal to query 
simultaneously World-Wide 2-D PAGE 
databases (Cornea-2DPAGE, DOSAC-








Contains references to known 2-D 
PAGE database servers, as well as to 2-





Predicts protein pI/Mr from one or more 







Various tools for proteome similarity 
analysis, protein functional analysis and 




2.3.2 Proteomics and Bioremediation 
Proteomics has been successfully established as a powerful tool to characterize 
the proteins of various functions in biomedical research. To date, however, only a few 
laboratories are applying the technique to environmental research because the 
technology is expensive and requires highly specialized facilities and skilled 
personnel for data analyses. Nevertheless, progress is being made to apply proteomics 
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tools in environmental biotechnology research. In the past several years, many studies 
have shown that proteomics tools can detect differences, at the protein level, between 
cells grown from normal and contaminated environments, which provide 
understanding of cellular responses to toxic pollutants, providing insights into 
designing bacteria with desired bioremediation capabilities and new biosensors for 
environmental contaminants. 
Proteomics studies on Geobacter sulferreducens PCA and Shewanella 
oneidensis MR-1 have provided new insights into their metal reducing capabilities 
(Giometti 2006). Insights into P. putida KT2440 response to phenol-induced stress 
was elucidated by quantitative proteomics (Santos et al. 2004). Proteomics tools can 
also be applied to explore the metabolic pathways for environmental pollutants by 
identifying the key proteins and enzymes. Kim and his research group (2003) 
proposed the benzoate degradation pathway in Acinetobacter sp. KS-1 by identifying 
several key enzymes involved in benzoate catabolic reactions using 2-DE and 
MALDI-TOF. Aromatic degradation pathways in Rhodoccocus sp. strain TFB was 
characterized using proteome analysis and transcriptional approaches (Tomas-
Gallardo et al. 2006).  Recently, enzymes involved in pyrene degradation by 
Mycobacterium sp. strain KMS were studied using 2-DE. Almost all the enzymes 
required during the initial steps of pyrene degradation were identified (Liang et al. 
2006). Biphenyl, benzoate and C1 metabolic pathways in a potent PCB-degrading 
bacterium Burkholderia xenovorans LB400 were characterized by quantitative 
proteome profiling, providing insights into the physiological roles and integration of 
apparently redundant catabolic pathways as a basis for investigating the PCB-
degrading abilities of this strain (Denef et al. 2005). When exposed to toxic pollutants, 
the cell membrane, the first barrier to toxic compounds, plays a significant role in 
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protecting microorganisms. To better understand the cellular responses at the 
membrane level, subproteome studies focusing on cellular membranes have also been 
reported. For example, the membrane proteome of A. radioresistens S13 during 
cellular exposure to aromatic compounds has been mapped (Pessione et al. 2003). 
Isolation and characterization of the outer membrane of Anabaena sp. strain PCC 
7120 were performed using proteomics tools, in which 14 proteins of the outer 
membrane which have never been detected in previous research have been identified 
(Moslavac et al. 2005). Due to the importance of biofilms in bioremediation 
applications, proteomics studies to characterize the differences in protein expression 
profiles of planktonic cells and cells in biofilms have also been investigated (Resch et 
al. 2006; Arevalo-Ferro et al. 2005; Vilain et al. 2004; Helloin et al. 2003; Tremoulet 
et al. 2002). In addition to pure culture studies, proteomics have also been applied to 
microbial communities. The term “metaproteomics” was proposed by Wilmes and 
Bond (2004) for the large-scale characterization of the entire protein complement of 
environmental microbiota at a given point in time. They applied 2-DE and 
downstream analyses to a mixed community of prokaryotic microorganisms. 
Putatively identified proteins were assigned to the dominant and uncultured 
Rhodocyclus-type polyphosphate-accumulating microorganism in the activated sludge. 
Recently, Ram et al. (2005) applied proteomics to understand the community of a 
natural microbial biofilm and Lacerda et al. (2007) described the use of proteomic 
tool to obtain functional information about the dynamic response of a microbial 
community to cadmium stress. Although not many studies have been carried out, 
metaproteomics have been utilized to reveal interesting aspects of protein expression 
within microbial habitats, highlighting the potential of proteomics tools for microbial 
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consortia studies. Taken together, these enhance the understanding of the microbial 
world and provide the link between microbial community composition and function.  
Among all the bacteria of bioremediation interest, P. putida is one of the best 
characterized and which has been widely utilized as a model for proteome analysis to 
understand the metabolism and physiology during aromatic catabolic processes. 
Proteomics studies of P. putida will be extensively reviewed in the next section.  
2.4 Proteomics Studies of P. putida 
2.4.1 Introduction 
Ubiquitous bacteria Pseudomonads belong to the gamma subclass of the 
Proteobacteria. They are able to colonize various environments, including soil, water 
and plant rhizosphere and play important roles in metabolic activities in the 
environment. Due to their strong capabilities in degradation and biotransformation of 
biogenic and xenobiotic pollutants, Pseudomonads have great potential for different 
biotechnological applications, particularly in the areas of bioremediation and 
biocatalysis. 
P. putida KT2440, one of the best-characterized Pseudomonads, is the 
plasmid-free derivative of a toluene-degrading bacterium designated P. putida mt-2. P. 
putida KT2440 was also the first host-vector biosafety system for gene cloning in 
Gram-negative soil bacteria. Although P. putida KT2440 has been extensively used as 
a host for cloning and gene expression, this strain is mainly known for its aromatic 
catabolic ability and has served as a model organism in many aromatic biodegradation 
studies. The sequencing of the genomes for a number of Pseudomonas species, 
including P. putida KT2440 and some catabolic plasmids, such as pWW0 from P. 
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putida mt-2, have been completed with many more of these genome-sequencing 
projects for several other Pseudomonas species or strains are still in progress as 
evident in Table 2-19.  
 
Table 2-19 Current status of genome-sequencing projects for Pseudomonas 
species 
Genome-sequencing completed 
Organism Size (Mbp) GenBank 
P. aeruginosa PAO1 6.26 AE004091.2
P. aeruginosa UCBPP-PA14 6.54 CP000438.1 
P. entomophila L48 5.89 CT573326.1 
P. fluorescens Pf-5 7.07 CP000076.1 
P. fluorescens PfO-1 6.44 CP000094.1 
P. mendocina ymp 5.10 CP000680.1 
P. putida F1 6.00 CP000712.1 
P. putida KT2440 6.18 AE015451.1
P. stutzeri A1501 4.60 CP000304.1 
P. syringae pv. phaseolicola 1448A 6.11 CP000058.1 
P. syringae pv. syringae B728a 6.09 CP000075.1 
P. syringae pv. tomato DC3000 6.54 AE016853.1
P. putida plasmid Size (bp) No. of encoded proteins GenBank 
pPP81 2534 4 AJ289784 
pWW0 116580 139 AJ344068 
pDTG1 83042 90 AF491307 
pYQ39 2297 3 AF273219 
NAH7 82232 84 AB237655 
pWW53 107929 86 AB238971 
php11 3399 0 AC002061 
Genome-sequencing in progress 
Organism Institution 
P. aeruginosa 2192 Broad Institute 
P. aeruginosa C3719 Broad Institute 
P. aeruginosa PA7 J. Craig Venter Institute 
P. aeruginosa PACS2 University of Washington 
P. aeruginosa PKS6 Allegheny-Singer Research Institute 
P. fluorescens SBW25 Sanger Institute 
P. putida GB-1 DOE Joint Genome Institute 
P. putida PRS1 TIGR 
P. putida W619 DOE Joint Genome Institute 
P. syringae pv. tomato T1 The Sainsbury Laboratory 
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P. putida has been characterized on the genome-wide scale in terms of its 
transcriptome and proteome using DNA microarray, 2-DE or LC coupled with MS 
and bioinformatics. The information obtained has facilitated understanding of global 
metabolic and regulatory alterations in response to various environmental conditions 
or genotypic changes after metabolic engineering. In this section, the technological 
and methodological advances in P. putida proteome research are reviewed. In 
addition, physiological responses to different environmental conditions revealed by 
proteome analysis and applications of proteomics methods to elucidate catabolic 
pathways are also reviewed. 
2.4.2 Proteomics Approaches Used to Study P. putida 
Although proteomics studies of P. putida emerged in the 1990s with the 
utilization of 2-DE to investigate stimulons induced by various environmental stimuli, 
more than half of the proteomics projects on P. putida were published in the past three 
years i.e. from 2004 to 2006 (Table 2-20).  
At the beginning stage, due to the lack of genomic data for similar species, 
none of the protein spots resolved on the 2-D gels were identified. In 2000, the 
genome sequencing project for the first Pseudomonas strains, P. aeruginosa PAO1, 
was completed (Stover et al. 2000). As a result, small amount of proteins in some 
proteomics studies on P. putida were tentatively identified using N-terminal 
sequencing techniques based on sequence homology with those proteins derived from 
the P. aeruginosa genome sequence. Proteomics studies of P. putida on the whole 
genome scale is now possible due to the completion of the genome sequence of P. 
putida KT2440 in 2002 (Nelson et al. 2002). A proteome reference map of P. putida 
KT2440 growing on mineral medium with glucose as carbon source was published in  
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engine/database Comments Reference 
2-DE, ICAT, 
MALDI-MS(/MS) MASCOT/NCBInr 
2-DE, PMF and MS/MS 
used as basic tools; 
precursor ions with S/N 
ratio of ≥20 selected for 
MS/MS; ICAT analysis 
performed to provide 
complementary results; 80 
proteins identified by 2-
DE with MS(/MS) 
analysis; 110 proteins, 
including 19 proteins 
from 2-DE analysis, 
identified by ICAT 
analysis.  








2-DE, PMF and MS/MS 
used as basic tools; 
unidentified samples 
further analyzed by 
tandem MS using 
NanoLC/MALDI-Q-TOF; 








2-D DIGE used to assess 
response of P. putida S12 
cultured in chemostats to 
toluene; peptides 
recovered from gel spots 
first subjected to MALDI 
with PMF matching by 
MASCOT; in cases where 
no reliable results 
produced using PMF 
search, samples subjected 








based on the genome 
sequence 
2-DE and PMF analysis 
used as basic tools; PMFs 
identified using a P. 
putida KT2440 protein 
database constructed in 
conjunction with a 
genome sequence study 
by Nelson et al. (2002); 
41 proteins identified.  
(Hallsworth 





2-DE used to compare 
gene expression in P. 
(Sonawane 




based on the genome 
sequence 
putida in presence and 
absence of acidic amino 
acids; N-terminal 
sequencing and MALDI-
TOF used to identify 
proteins; spots that could 
not be identified by PMF 
further analyzed by 
MALDI-PSD sequencing; 
12 proteins identified. 
2-DE No identification 
Proteins induced by 
sulfate limitation in P. 
putida analyzed using 2-




2-DE No identification 
Response of P. putida 
KT2442 to 2-
chlorophenol analyzed 
using 2-DE; no protein 
identification performed.  
(Lupi et al. 
1995) 
2-DE, N-terminal 
sequencing No details reported 
2-DE and N-terminal 
sequencing analysis used 
to elucidate ecotoxic 
effects of MTBE in P. 
putida KT2440; 4 proteins 
identified.  




2-DE used to study P. 
putida KT2440 response 
to phenol-induced stress; 
PMF identification 
performed; 195 spots 
corresponding to 183 
different proteins 







based on the genome 
sequence 
2356 spots resolved in a 
silver stained 2-DE gel; 
around 200 well-resolved 
spots in Coomassie-
stained gels identified by 
MALDI-TOF analysis.  
(Heim et al. 
2003) 
2-DE No identification 
2-DE used to evaluate 
differences in protein 
production during growth 
of P. putida F1 on 
toluene, phenol and their 
mixture; no protein 





MS(/MS) MASCOT, MS-Fit/- 
2-DE, MS and MS/MS 
used to study cellular 
response of P. putida 
(Yun et al. 
2006) 
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KT2440 to tetracycline 
stress; PMF was first used 
to identify protein spots; 
when PMF results not 
satisfactory, MS/MS 
search results used to 






database from TIGR 
About 1000 cytosolic 
proteins in the pI range 4-
7 resolved in silver 
stained 2-D gels; 56 
proteins identified using 
PMF data obtained by 
MALDI-TOF. 
(Kurbatov 
et al. 2006) 
2-DE, AP-
MALDI-MS/MS MASCOT/NCBInr 
Both analytical 2-D gels 
stained with silver and 
micropreparative 2-D gels 
stained with Colloidal 
CBB prepared; 41 
proteins identified using 
MS/MS.  
(Benndorf 
et al. 2006) 
2-DE, MALDI-
TOF 
-/NCBInr, P. putida 
KT2440 protein 
database from TIGR 
Around 500 surface-
associated proteins of P. 
putida resolved in 2-D 
gels stained with CBB; 
102 proteins identified 
using PMF data obtained 
by MALDI-TOF.  
(Arevalo-






database based on 
the genome sequence 
2-DE revealed 45 proteins 
differentially expressed in 
response to surface-
associated growth; 11 
proteins identified using 
N-terminal sequencing 
analysis; mRNA analysis 
revealed 40 genes 
differentially expressed 
following initial 







MS/MS used to confirm 
that aau system was a 
major regulator of acidic 
amino acid uptake and 
utilization; 4 proteins 
identified.  
(Sonawane 
et al. 2006) 
2-DE No identification 
Autoradiographs of 1117 
spots on 2-D gels 
analyzed; no protein 
(Cases et al. 
2001) 
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P. putida KT2440 
database based on 
the genome sequence 
2-DE and MALDI-TOF 
used to understand role of 
crc regulator in aromatic 
catabolic pathways; 8 
proteins represented by 13 




2003 (Heim et al. 2003). Since then, P. putida KT2440 was chosen as a bacterial 
model in almost all the published proteomics projects of this species, where proteins 
were identified by matching PMF profile or peptide sequence obtained from MS to 
protein databases constructed based on the available genome data. 
2-D gel-based proteomics approaches were the core proteomics technology 
and the source of virtually all of the published work in proteomics studies of P. putida. 
Immobilized pH gradients (IPG) were used in almost all the studies, which greatly 
improved the reproducibility of gel-based proteome analyses. The most frequently 
used IPG gradients were pH 4-7 (linear gradient) and pH 3-10 (nonlinear gradient). 
Due to the limitation of 2-D gel separation, most of the identified proteins in P. putida 
proteomics studies had a pI of 4 to 7 and a molecular weight of 10 to 100 kDa.  
In most of the 2-D gel work on P. putida, proteins were detected using one or 
both of silver staining and Coomassie Brilliant Blue (CBB) staining. However, the 
narrow linearity of silver staining decreases the data quality of quantitative analyses, 
while low sensitivity of CBB staining led to bias towards the more abundant proteins. 
As an alternative, radio-labeling was utilized in one of the 2-DE analyses for P. putida 
(Kurbatov et al. 2006). Although it is one of the most sensitive protein detection 
methods, the use of radio labeling was restricted by the potential hazards to human 
health and high cost. Recently, 2-D DIGE has been applied to assess the response of P. 
putida S12 cultured in chemostats to toluene (Volkers et al. 2006). Protein samples 
were labeled with fluorescent dyes and then mixed and run simultaneously on a single 
piece of 2-D gel. The gel was scanned and analyzed based on signals from different 
dyes. Fluorescent dyes provide great sensitivity and broad linearity. Although 
detection of basic proteins will be favored over acidic proteins using amino groups 
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labeled with fluorescent dyes, 2-D DIGE is more accurate and reliable in quantitative 
analyses than conventional 2-DE method. 
PMF obtained from MALDI-TOF MS was the first choice for protein 
identification. In all the listed proteomics studies of P. putida presented in Table 2-20, 
around 30% was solely based on MALDI-TOF MS with another 30% using MALDI-
MS/MS or ESI-MS/MS for the cases of unsatisfactory PMF matching results. 
MASCOT and NCBInr were the most often applied search engine and protein 
database, respectively.  
In addition to the gel-based proteomics approaches, ICAT was also used to 
analyze aromatic catabolic pathways in P. putida KT2440 (Kim et al. 2006). Protein 
samples labeled with light or heavy ICAT reagents were digested followed by 
peptides separation using chromatographic techniques and MS analysis using 
MALDI-MS(/MS). It has been shown that ICAT analysis could provide 
complementary results to 2-DE.  
In summary, (i) the current-status of proteomics projects for P. putida, a 
paradigm of environmental bacterium, is mostly based on 2-D gel separation with 
protein identification conducted through MALDI-MS(/MS) and MASCOT using the 
NCBInr protein database; (ii) although many technological advances have been made, 
it is still impossible to characterize the whole proteome under a given condition using 
gel-based proteomics approaches alone; a combination of different but mutually 
complementary proteomics approaches is more promising to obtain comprehensive 
proteome data; (iii) considering the high resolving power and the capability to detect 
protein PTMs, 2-D gel-based proteomics approaches will most likely remain a key 
technology for proteomics studies; (iv) for P. putida and other microorganisms in 
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environmental applications, 2-D gel based proteomics approaches are, and will remain, 
the most favorable tools due to their relatively low cost. 
2.4.3 Elucidation of Catabolic Pathways 
During aerobic biodegradation processes, various aromatic compounds are 
converted to dihydroxylated intermediates through metabolite-specific upper 
pathways, followed by a sequence of reactions (main pathways) leading to 
intermediates for the TCA cycle (Harwood and Parales 1996). Comparative genomic 
analysis of the aromatic catabolic pathways from P. putida KT2440 predicted that 
there are at least four main pathways encoded in the P. putida chromosome for the 
catabolism of central aromatic intermediates (Jimenez et al. 2002): i) the catechol 
branch of the β–ketoadipate pathway (ortho-cleavage pathway) encoded by cat genes; 
ii) the protocatechuate branch of the β–ketoadipate pathway encoded by pca genes; iii) 
the homogentisate pathway encoded by hmg/fah/mai genes; and iv) the phenylacetate 
pathway encoded by pha genes. The presence of catabolic plasmids in some strains 
makes the aromatic catabolic pathways in P. putida more versatile.  
Characterization of aromatic degradation pathways in the genus Pseudomonas 
has been reported based on key metabolite identification (Loh and Chua 2002; Moody 
et al. 2002), key enzymes purification and biochemical characterization (Ward and 
O'Connor 2005), mutagenesis (Nogales et al. 2007; Kiesel and Muller 2002), gene 
cloning and sequencing (Mooney et al. 2006; Yang et al. 1994). With the whole 
genome sequence of P. putida KT2440 and of some of the catabolic plasmids 
available, high throughput proteome analysis has an important role in elucidating the 
pathways involved in the biodegradation of aromatic compounds. In the past several 
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years, a number of bacterial enzymes involved in the aromatic catabolic pathways of 
environmental interests have been identified (Table 2-21).  
To elucidate the mechanisms of biodegradation in P. putida KT2440, specific 
protein induction in response to growth on different aromatic compounds were 
analyzed (Kim et al. 2006). The induction of enzymes of the β–ketoadipate, 
phenylacetate, and homogentisate pathways were confirmed in the presence of 
aromatic compounds. In addition, benzoate-specific porin BenF and phenylacetic 
acid-specific porin PhaK were identified in a buffer-insoluble fraction of benzoate-
cultured P. putida. The results confirmed the induction of the major aromatic 
catabolic pathways of P. putida KT2440 on the proteome level.  
Kurbatov et al. (2006) analyzed the cytosolic protein pattern of a derivative of 
P. putida KT2440, harbouring the genes encoding phenol hydroxylase, the specific 
activator, and their common promoter/operator region. Several proteins involved in 
phenol degradation were identified as enzymes of the ortho-cleavage pathway.  
On the contrary, only the meta-cleavage pathway enzymes were identified in 
proteomics analyses of the phenol degrader Pseudomonas sp. strain phDV1 during its 
growth on phenol, revealing that the aromatic molecule was being degraded via the 
meta-cleavage pathway (Tsirogianni et al. 2006; Tsirogianni et al. 2004). 
In contrast to the activity assay of the key enzymes involved in certain 
pathways, proteomics tools provide straightforward evidences for the induction of 
enzymes specific to aromatic substrates which lead to the comprehensive 
understanding of the molecular basis of biodegradation processes. 
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Table 2-21 Enzymes identified in aromatic catabolic pathways of P. putida and 
some other environmental bacteria 
Protein 
name Description Induction method References 
BCL Benzoate-CoA ligase Benzoate and biphenyl in B. xenovorans LB400 
(Denef et al. 
2005) 
BenA Benzoate dioxygenase α subunit 
Benzoate in Rhodococcus 
sp. strain RHA1, 
Burkholderia xenovorans 
LB400 and P. putida 
KT2440; biphenyl in B. 
xenovorans LB400 
(Kim et al. 2006; 
Denef et al. 
2005; Patrauchan 
et al. 2005) 
BenB Benzoate dioxygenase β subunit 
Benzoate in Rhodococcus 
sp. strain RHA1; benzoate 
and biphenyl in B. 
xenovorans LB400 
(Denef et al. 
2005; Patrauchan 
et al. 2005) 
BenD Cis-diol dehydrogenase 
Benzoate and p-
hydroxybenzoate in P. 
putida KT2440; benzoate 
in Rhodococcus sp. strain 
RHA1; benzoate and 
biphenyl in B. xenovorans 
LB400 
(Kim et al. 2006; 
Denef et al. 
2005; Patrauchan 
et al. 2005) 
BenF Benzoate-specific porin Benzoate in P. putida KT2440 (Kim et al. 2006) 
BoxB Benzoyl-CoA oxygenase  
Benzoate and biphenyl in 
B. xenovorans LB400 
(Denef et al. 
2005) 
BoxC Benzoyl-CoA-dihydrodiol lyase 
BphA Biphenyl dioxygenase large subunit 
BphB Biphenyl-dihydrodiol dehydrogenase 










BphH 2-Hydroxypenta-2,4-dienoate hydratase 
BphI 4-Hydroxy-2-oxovalerate aldolase 
BphJ Acetaldehyde dehydrogenase 
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CatA Catechol 1,2-dioxygenase 
Benzoate and phenol in P. 
putida KT2440; benzoate 
in Rhodococcus sp. strain 
RHA1; benzoate and 
biphenyl in B. xenovorans 
LB400; benzoate in 
Pseudomonas sp. K82 and 
Acinetobacter sp. KS-1; 
aniline in A. lwoffii K24 
(Kim et al. 2006; 
Kurbatov et al. 
2006; Denef et 
al. 2005; 
Patrauchan et al. 
2005; Kim et al. 
2004; Kim et al. 
2003; Kim et al. 
2002) 
CatB Muconate cycloisomerase 
Phenol and benzoate in P. 
putida KT2440; benzoate 
in Rhodoccus sp. strain 
RHA1; benzoate and 
biphenyl in B. xenovorans 
LB400 
(Kim et al. 2006; 
Kurbatov et al. 
2006; Patrauchan 
et al. 2005; 
Denef et al. 
2004) 
CatC Muconolactone isomerase 
Benzoate, p-
hydroxybenzoate and 
phenol in P. putida 
KT2440; aniline in 
Pseudomonas sp. K82 and 
A. lwoffii K24 
(Kim et al. 2006; 
Kurbatov et al. 
2006; Kim et al. 
2003; Kim et al. 
2002) 
DmpB Catechol 2,3-dioxygenase 
Phenol in Pseudomonas sp. 
strain phDV1 











DmpL Phenol monooxygenase P1 component  
DmpN Phenol monooxygenase P3 component 




dioxygenase Phenylalanine in P. putida KT2440 (Kim et al. 2006) 
HmgA Homogentisate 1,2-dioxygenase 
NahJ 4-Oxalocrotonate tautomerase 
Phenol in Pseudomonas sp. 
strain phDV1 
(Tsirogianni et al. 
2004) 
PadA Phthalate 3,4-dioxygenase Phthalate in Rhodococcus 
sp. strain RHA1  
(Patrauchan et al. 








Benzoate and phthalate in 






Vanilline in P. putida 
KT2440 
(Kim et al. 2006) 
PcaD 3-Oxoadipate enol-lactone hydrolase 
Benzoate, p-
hydroxybenzoate and 
vanilline in P. putida 
KT2440 
PcaF β-Ketoadipyl CoA thiolase 
Benzoate, p-
hydroxybenzoate, vanilline 
and phenol in P. putida 
KT2440; phthalate in 
Rhodococcus sp. strain 
TFB; benzoate and 
phthalate in Rhodococcus 
sp. strain RHA1 
(Kim et al. 2006; 
Kurbatov et al. 
2006; Tomas-
Gallardo et al. 
2006; Patrauchan 
et al. 2005) 
PcaG Protocatechuate 3,4-dioxygenase α subunit 
p-Hydroxybenzoate and 
vanilline in P. putida 
KT2440; phthalate in 
Rhodococcus sp. strain 
TFB; benzoate and 
phthalate in Rhodococcus 
sp. strain RHA1 
PcaH Protocatechuate 3,4-dioxygenase β subunit 
p-Hydroxybenzoate and 
vanilline in P. putida 
KT2440; phthalate in 
Rhodococcus sp. strain 
TFB; benzoate and 
phthalate in Rhodococcus 
sp. strain RHA1 
PcaI 
β-Ketoadipate:succinyl-




phenol in P. putida 
KT2440; phthalate in 
Rhodococcus sp. strain 
TFB; benzoate and 
phthalate in Rhodococcus 
sp. strain RHA1 
PcaJ 
β-Ketoadipate:succinyl-
CoA transferase β 
subunit 
Benzoate and phthalate in 
Rhodococcus sp. strain 
RHA1; benzoate and 
biphenyl in B. xenovorans 
LB400 
(Patrauchan et al. 
2005; Denef et 
al. 2004) 
PcaL β-Ketoadipate enol-lactone hydrolase Benzoate and phthalate in Rhodococcus sp. strain 
RHA1 
(Patrauchan et al. 
2005) PcaR IclR-type transcriptional regulator 
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PhaD β-Ketoacyl CoA thiolase Phenylethylamine in P. putida KT2440 
(Kim et al. 2006) PhaK Phenylacetic acid-specific porin 
Benzoate in P. putida 
KT2440 
PhaL Ring-opening enzyme Phenylethylamine in P. putida KT2440 
PhlB Subunit of phenolhydroxylase 
Phenol in P. putida 
KT2440 
(Kurbatov et al. 
2006) 
PhlC Subunit of phenolhydroxylase 
Phenol in P. putida 
KT2440 and Pseudomonas 
sp. strain phDV1 
(Kurbatov et al. 
2006; Tsirogianni 
et al. 2004) 
PhlD Subunit of phenolhydroxylase 
Phenol in P. putida 
KT2440.  
(Kurbatov et al. 
2006) 
PhtAb Phthalate dioxygenase small subunit 
Phthalate in Rhodococcus 
sp. strain TFB 
(Tomas-Gallardo 
et al. 2006) PhtB 
3,4-cis-Dihydrodiol 
dehydrogenase 
PhtC 3,4-Didydroxyphthalate decarboxylase 
PmdA Protocatechuate 4,5-dioxygenase α subunit 
p-Hydroxybenzoate in 
Pseudomonas sp. K82  (Kim et al. 2004) 
PmdB Protocatechuate 4,5-dioxygenase β subunit 
PobA 4-Hydroxybenzoate 3-monooxygenase 
ProH 4-Oxalomesaconate hydratase 
TodC1 Toluene 2,3-dioxygenase α subunit 
Toluene in P. putida DOT-
T1E 




TodG 2-Hydroxy-2,4-dienoate hydratase 
VanB Vanillate O-demethylase oxidoreductase 
Vanilline in P. putida 
KT2440 (Kim et al. 2006) 
XylF 2-Hydroxymuconic semialdehyde hydrolase Phenol in Pseudomonas sp. 
strain phDV1 
(Tsirogianni et al. 
2004) XylK 4-Hydroxy-2-oxovalerate aldolase 
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2.4.4 Understanding physiological responses 
In bioremediation applications, cellular physiology of P. putida is an 
important topic, providing essential biological knowledge for design and optimizing 
biodegradation processes. Conventionally, one or several proteins were chosen as 
models to understand local physiological phenomena (Lee et al. 2006; Madhusudhan 
et al. 2003). Nowadays, equipped with proteomics tools, researchers are capable of 
identifying stimulons or regulons with large numbers of proteins. As reflected by 
changes in the protein expression patterns, P. putida cells undergo fundamental 
changes in cellular physiology when subjected to environmental perturbations. In 
response to various chemical and physical stresses, up- or down- regulation of 
specific protein sets is usually registered and explained as protective mechanisms in 
terms of eliminating the stress agent and/or repairing cellular damage.  
In one of the first proteomics studies for P. putida, a sulfate starvation-induced 
stimulon with 14 members was proposed. However, due to the scarcity of 
technologies, none of them was identified (Kertesz et al. 1993). Similarly, carbon 
deprivation led to the temporal induction of about 72 new proteins in P. putida 
KT2442 (Givskov et al. 1994). Carbon starvation probably activated a programmed 
sequential expression of starvation-specific genes, followed by the development of a 
protein pattern which was stable throughout long periods of starvation. Although 
starvation for different individual nutrients induced specific patterns of protein 
expression, there were some overlaps among the starvation stimulons. 2-DE analysis 
revealed that a subset of carbon starvation induced proteins was also induced by 
conditions of nitrogen or phosphate starvation (Givskov et al. 1994). It has been 
suggested that common features are shared by the protective mechanisms during 
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nutrient starvation and during adaptation to various physical and chemical stresses. In 
P. putida KT2442, 33 proteins were induced by exposure to 0.5 M NaCl, where 3 and 
2 of them are likely identical to carbon and nitrogen starvation-induced proteins, 
respectively (Givskov et al. 1994). The most comprehensive proteomics 
characterization of nutrient starvation responses in P. putida was iron deprivation 
stress reported by Heim et al. (2003). A proteome reference map of P. putida KT2440 
with around 200 identified proteins was obtained and then used to assess the cellular 
responses to iron limitation stress. In P. putida KT2440, iron deprivation provoked 
up- or down- regulation of 15 proteins. Among these, those regulated by the iron 
starvation σ-factor PvdS, such as the ferripyoverdine receptor A, the outer membrane 
heme receptor and the outer membrane ferrisiderophore receptor, were up-regulated, 
while those requiring iron as a cofactor, such as catalase/peroxidase, 
dihydropyrimidine dehydrogenase and superoxide dismutase B, were down-regulated. 
To date, our understanding on bacterial starvation responses and regulations are 
predominantly obtained using E. coli as a model organism. As for P. putida, 
considerably more data are necessary towards a comprehensive understanding of the 
starvation responses during environmental applications. 
As an environmental bacterium that has been widely used in various 
bioremediation processes, P. putida are usually exposed to toxic chemicals. Thus, 
cellular responses of P. putida to chemical stresses are of great significance.  
As early as in 1995, the response of P. putida KT2442 to 2-chlorophenol was 
examined using 2-DE (Lupi et al. 1995). Although no protein identification was 
carried out, the temporal response patterns of induced proteins expression following 
exposure to 2-chlorophenol were discussed. Reardon and Kim (2002) analyzed 
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protein production of P. putida F1 during growth on toluene, phenol, and their 
mixture. Although the same catabolic pathway for both substrates was utilized, 
specific sets of proteins in response to toluene and phenol as single or mixed 
substrates were induced, shedding light on the biodegradation kinetics observed in the 
mixed-substrate system.  
In the following years, many P. putida proteomics studies with the 
identification of specific stress-induced proteins revealed changes in proteome 
profiles in response to various chemical stresses. Water stress caused by chaotropic 
solutes instead of osmotic pressure was analyzed using P. putida KT2440 as a model 
cellular system (Hallsworth et al. 2003). Different from osmotic stress, chaotropic 
solutes do not affect cell turgor. Proteomics studies revealed that water stress induced 
by these chemicals affected cellular metabolic activities and mainly resulted in the up-
regulation of proteins involved in stabilization of biomacromolecules and membrane 
structure. Considering that many environmental pollutants such as phenol are 
chaotropic chemicals, these implications in the bioremediation of xenobiotic 
compounds are evident. As a chaotropic pollutant, phenol-induced stress was also 
assessed by quantitative proteomics analysis (Santos et al. 2004). Following exposure 
of P. putida KT2440 to sub-lethal inhibitory concentrations of phenol, the amount of 
68 proteins was increased while the amount of 13 proteins was reduced. These 
proteins were involved in many different metabolic processes. The up-regulation of 
some members of well characterized stress regulons OxyR and SoxSR was observed, 
which suggested that exposure of P. putida KT2440 cells to phenol and methyl tert-
butyl ether led to oxidative stress (Santos et al. 2004; Krayl et al. 2003). Although 
several RpoH-dependant stress proteins were found up-regulated in response to 
phenol exposure, no increase of GroEL and DnaK was registered. On the contrary, as 
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revealed by another proteomics study, Benndorf and co-workers (2006) reported that 
oxidative stress proteins do not play a major role in the resistance of P. putida 
KT2440 against several chlorophnoxy herbicides; the levels of GroEL and DnaK 
remained steady too. As for toluene-tolerant P. putida strains S13 and DOT-T1E, no 
oxidative stress was suggested either during cell growth on toluene, although up-
regulation of GroEL was observed (Volkers et al. 2006; Segura et al. 2005). In 
addition to the induction of the catabolic enzymes for phenol degradation, P. putida 
KT2440 cells grown on phenol as carbon and energy source also induced several 
oxidative stress proteins, such as a protein from the AhpC/Tsa family and 
catalase/peroxidase HPI (Kurbatov et al. 2006). However, DnaK was found up-
regulated, which was not registered in phenol exposure stress (Kurbatov et al. 2006; 
Santos et al. 2004).  
Proteomics studies on the aromatic catabolic pathways in P. putida KT2440 
elucidated the degradation pathways for aromatic compounds by identifying specific 
enzymes and at the same time, revealed the physiological responses of the cells to the 
growth on those compounds (Kim et al. 2006). Particularly, oxidative stress response 
protein AhpC was found up-regulated in cells grown on benzoate, p-hydroxybenzoate, 
vanilline and phenylethylamine, while GrpE and DnaK were up-regulated in response 
to growth on both benzoate and p-hydroxybenzoate.  
Recently, a proteomics study on cellular response of P. putida KT2440 to 
tetracycline stress was reported (Yun et al. 2006). As a family of broad-spectrum 
antibiotics, tetracyclines are extensively used for human and animal infection 
treatment. There has been recent notice of the increase in tetracycline-resistant 
bacteria in the environment due to the utilization of sub-therapeutic levels of 
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tetracylines as growth promoter for animals. As revealed by the preliminary 
proteomics study on tetracycline resistance mechanisms, various transporters, 
metabolic enzymes, and comprehensive stress proteins were induced in P. putida 
KT2440 cells subject to high concentration of tetracycline, demonstrating that 
proteome analysis is a useful tool for elucidating antibiotic-induced responses (Yun et 
al. 2006).  
Versatile cellular responses of P. putida to chemical stresses have been shown 
using proteomics tools, suggesting that P. putida cells could use diverse protective 
mechanisms for survival in various extreme environments. These studies could help in 
constructing new bacterial strains with enhanced degradation and improved tolerance 
to toxic pollutants or in identifying target proteins for designing novel antibiotics. 
The potential of biofilm communities for enhanced bioremediation has 
recently been realized. Cells in a biofilm have a better chance of adaptation and 
survival due to the protection of the biofilm matrix. Application of biofilms in 
bioreactors for wastewater treatment is very promising. The comparison of protein 
profiles of bacterial cells grown planktonically with their sessile counterparts has 
shown that a large number of genes could be differentially expressed during biofilm 
formation. P. aeroginosa is one of the best characterized Pseudomonas species due to 
its biomedical significance (Waite et al. 2005; Fagerlind et al. 2003; Schuster et al. 
2003; Sauer et al. 2002; Whiteley et al. 2001). As for the environmental bacterium P. 
putida, physiological changes of P. putida during the initial phase of biofilm growth 
have also been characterized using proteome analysis (Sauer and Camper 2001). 
Forty-five differentially expressed proteins in the biofilms of P. putida ATCC 39168 
following 6 h of attachment were detected, indicating that the cells underwent global 
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phenotypic changes after surface-adherence. Sauer and Camper (2001) also suggested 
that quorum sensing (QS) did not play an important role in the initial phase of biofilm 
development. In another proteomics study, the impact of QS and surface growth on 
gene expression in P. putida IsoF was analyzed (Arevalo-Ferro et al. 2005). The 
protein profiles of the P. putida wild-type IsoF and QS-negative ppuI mutant F117 
grown as biofilm or in suspension were compared by 2-DE. The data obtained 
suggested that the set of QS-regulated proteins overlapped substantially with the set of 
proteins differentially expressed in sessile cells. Although lots of proteomics studies 
have been carried out on biofilms, mostly for pathogenic bacteria, a debate on 
whether a defined genetic program is necessarily required for biofilm development is 
still ongoing (Kjelleberg and Molin 2002). Furthermore, in most reported biofilm 
research, bacterial cells were usually distributed in a structured biofilm in numerous 
microenvironments with different physiological activities, rendering gene expression 
analysis for sub-population instead of an overlay of all sub-populations technically 
very challenging (Arevalo-Ferro et al. 2005). 
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3 MATERIALS AND METHODS 
3.1 Bacterial Strains  
Both P. putida ATCC 49451 (P8) and P. putida ATCC 17484 used in this 
research were obtained from the American Type Culture Collection (www.atcc.org). 
They are the wild-type strains isolated from contaminated sites and are capable of 
growth on a variety of aromatic hydrocarbons. 
The chromosomal genome sequences for P. putida strains ATCC 49451 and 
ATCC 17484 are currently not yet available. In silico proteomes predicted from 
closely related strains, species or genus with fully or partially available genome 
sequences were used to investigate the proteome of the P. putida strains in this 
research. 
3.2 Culture Media and Growth Conditions 
Three biodegradation systems were studied. In each system, P. putida was 
grown in a chemically defined mineral medium supplemented with specific organic 
substrates (Table 3-1). All the chemicals used in bacterial cultivation were of 
analytical grade. 
The mineral medium was prepared in Milli-Q plus 185 filtered water 
(Millipore, Bedford, USA). The mineral medium used consisted of (g/L): K2HPO4, 
0.65; KH2PO4, 0.19; NaNO3, 0.50; MgSO4·7H2O, 0.10; FeSO4·7H2O, 0.00556; 
(NH4)2SO4, 0.50; Nitrilotriacetic acid, 0.015; MnSO4·H2O, 0.005; CoCl2·6H2O, 0.001; 
CaCl2, 0.001; ZnSO4·7H2O, 0.001; CuSO4·5H2O, 0.0001; H3BO3, 0.0001; and 
Na2MoO4·2H2O, 0.0001. All batch cultures were performed in 250 mL medium in 
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500 mL Erlenmeyer flasks at 30°C on a rotary shaker (GFL 1092, Germany) at 150 
rpm. Prior to inoculation for each experiment, cells were induced by transferring a 
stock culture to a pre-cultivation medium of the same mineral medium composition 
supplemented with 200 mg/L of benzoate (Chapter 4), phenol (Chapter 5) or sodium 
salicylate (Chapter 6). Two mL inoculum from the late exponential growth phase was 
then transferred to each experimental flask. All media, pipette tips, and Erlenmeyer 
flasks fitted with cotton plugs were autoclaved at 121°C for 20 min before use. To 
minimize contamination, culture inoculations and samplings were conducted 
aseptically around a Bunsen flame in a Biological Safety Cabinet-II (GELMAN, 
USA).   
 
Table 3-1 Biodegradation systems investigated 
System Cell Strain Substrates Chapter 
1 ATCC 49451 i) benzoate (100 mg/L); ii) benzoate (800 
mg/L); iii) succinate (10 mM) 
4 
2 ATCC 49451 phenol (200 mg/L), glutamate (1000 mg/L) 
and 4-cp (200 mg/L) 
5 
3 ATCC 17484 salicylate (200 mg/L), carbazole (0.5 mg/L) 




3.3 Cell Growth and 2-Hydroxymuconic Semiadehyde (2-
HMSA) Formation 
Samples were taken from the cell cultures periodically for analyses. Cell 
growth was monitored by measuring optical density at wavelength 600 nm (OD600). 
The specific growth rate and the doubling time during the exponential growth phase 
was determined from μ = dln(OD600)/dt and td = ln2/μ, respectively.  
The formation of 2-HMSA in the culture broth was also monitored. 2-HMSA 
is a metabolic intermediate typical of the meta-cleavage pathway of catechol cleavage. 
It was monitored by measuring the absorbance at 375 nm (A375) of the cell-free filtrate. 
The filtrate was prepared by filtering the sample through a 0.2µm syringe filter 
(Millipore). 
3.4 Preparation of Cell Extracts 
For proteome analysis, three independent batch cultures were prepared and the 
cells were harvested from the mid-exponential phase by centrifugation at 10,000 × g 
for 10 min at 4°C. Cells grown on 10 mM succinate harvested at OD600 of 0.20 
absorbance unit (a.u.) served as controls. The cells were washed twice with 40 mM 
Tris-HCl (pH 8.0) and re-suspended in 40 mM Tris-HCl (pH 8.0). They were then 
sonicated using a ¾ inch probe on an MSE-Soniprep-150 Sonicator (Sanyo 
Gallenkamp, UK) for 5 s with a 10 s cooling interval between each pulse. The sono-
disruption of the cells was carried out for a total of 15-20 min. Throughout sonication, 
the cell suspension was maintained in an ice-alcohol slurry. After sonication, the 
samples were incubated with DNase and RNase in 50 mM MgCl2 (final 
concentrations of 1 mg/mL and 0.25 mg/mL, respectively) for 20 min on ice, and then 
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centrifuged at 12,000 × g for 10 min at 4°C. The supernatant was collected and cold 
methanol (4°C or lower) was added and placed at -80°C for at least 1 h to precipitate 
the proteins. The precipitated proteins were recovered by centrifugation at 12,000 × g 
for 30 min at 4°C. The pellet was re-suspended in 0.5-1.0 mL lysis solution (8 M urea, 
4% CHAPS, 40 mM Tris).   
3.5 Catechol Dioxygenases Assays 
Catechol 1,2-dioxygenase (C12D) and catechol 2,3-dioxygenase (C23D) 
activity assays were performed spectrophotometrically at 24°C using a Shimadzu UV-
1601 UV/VIS spectrophotometer with a 1 cm light path and 3 mL quartz cuvettes by 
measuring the rate of increase in absorbance at 260 nm or 375 nm due to the 
formation of cis,cis-muconate or 2-HMSA, respectively (Nakazawa and Nakazawa 
1970; Nozaki 1970). The assay mixtures consisted of 0.5 M (pH 7.5) potassium 
phosphate, crude cell lysate, and 10 mM catechol.  One unit (U) of enzyme activity is 
defined as the amount of enzyme that catalyzes the formation of 1 μmol of product 
per min. Protein concentrations in the crude lysate were determined using reducing 
agent compatible (RC) and detergent compatible (DC) protein assay kit using bovine 
γ-globulin as protein standard (Bio-Rad, USA). Specific activity is defined as enzyme 
activity units per mg of protein. 
3.6 Determination of Protein Concentration 
The RC DC protein assay is a colorimetric assay for determining protein 
concentration in the presence of both reducing agents as well as detergents. The assay 
is suitable for the accurate determination of protein concentration in samples to be 
separated by electrophoresis techniques, such as IEF and SDS-PAGE, where various 
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detergents, reductants, chaotropes and carrier ampholytes are usually used for sample 
preparation. A standard curve was prepared using bovine γ-globulin with 
concentrations from 0.2 mg/mL to 1.5 mg/mL for each time the assay was performed. 
Twenty five μL of each dilution of the standards and samples were used for analysis. 
The standards and samples were first incubated with 125 μL of RC Reagent I for 1 
min at room temperature, followed by mixing with 125 μL RC Reagent II according 
to the manufacturer’s instructions. The mixtures were centrifuged at 15,000×g for 3-
5 min and the supernatants were removed. Reagent A′ was added to each assay to 
dissolve the precipitate (127 μL per assay). Reagent A′ was made up from DC 
Reagent S and DC Reagent A with a volume ratio of 1 to 50. Each A′ dissolved 
protein sample was then incubated with 1 mL DC Reagent B at room temperature for 
15 min. After incubation, the absorbance at 750 nm was determined for quantification. 
3.7 2-DE 
150 μg of protein from each sample was separated by 2-DE. Without 
specification, all the chemicals used for 2-DE analysis were of electrophoresis grade 
from GE Healthcare, Sigma or Bio-Rad, while all the equipments and software used 
were from Bio-Rad. Linear ReadyStrip IPG strips (pH 4-7, 17 cm) were rehydrated in 
the rehydration tray for 11 to 16 h with rehydration solution (0.5% Bio-Lyte 
ampholyte, 8 M urea, 2% CHAPS, 2.8 mg/mL DTT, trace bromophenol blue) 
containing the sample in a total volume of 300 µL. Isoelectric focusing (IEF) was 
performed using a PROTEAN IEF system. Precut electrode wicks were used to 
collect salts at both ends of the focusing channels at 150 V for 2 h and focusing was 
conducted in two steps: (i) voltage increase from 150 V to 10,000 V in 6 h at linear 
ramping mode; and (ii) constant voltage at 10,000 V until the total volt-hours reached 
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40,000 V-h. The current limit during IEF was 50 μA per IPG strip. After IEF 
separation, the strips were equilibrated twice, for 15 min each. The first equilibration 
was conducted in freshly prepared 10 mL DTT-containing (100 mg DTT per 10 mL) 
SDS equilibration buffer (1.5 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 
trace bromophenol blue), while the second equilibration was performed in 10 mL 
iodoacetamide-containing (250 mg iodoacetamide per 10 mL) SDS equilibration 
buffer. IPG strips were then placed over a polyacrylamide vertical discontinuous gel, 
which contained a stacking gel (4% acrylamide) on the top of a separating gel (12% 
acrylamide), and sealed with agarose solution (25 mM Tris base, 192 mM glycine, 
0.1% SDS, 0.5% agarose, 0.002% bromophenol blue) preheated to 60°C. 
Electrophoresis was performed in a PROTEAN II electrophoresis system at a constant 
voltage of 200 V for 6-8 h until the advancing bromophenol blue front reached the 
bottom of the gels. Two analytical replicates for each biological sample were prepared 
for analyses.   
3.8 Gel Staining 
3.8.1 Silver Stain Plus Kit (Bio-Rad) 
Silver Stain Plus is a quick, simple method for detecting proteins or nucleic 
acids in polyacrylamide and agarose gels after electrophoresis. Proteins inside the gels 
can be visualized in 1 hour by employing a silver staining chemistry similar to that 
developed by Gottlieb and Chavko (1987) for detecting DNA in agarose gels. Silver 
Stain Plus is 30-50 fold more sensitive than Coomassie Blue R-350 dye and will 
detect nanogram quantities of protein. This staining method is MS-compatible. Large 
format polyacrylamide gel staining procedures used were as follows: i) gels were 
placed in the fixative enhancer solution (400 mL per gel) and fixed for 20 minutes 
 90
with gentle agitation; ii) gels were rinsed at least twice in MilliQ water for 10 minutes 
each time with gentle agitation (400 mL per gel); iii) gels were stained in well mixed 
staining solution with gentle agitation for approximately 20 minutes or until desired 
staining intensity was reached, in which the staining solution was prepared from 105 
ml deionized water, 15.0 ml silver complex solution (Bio-Rad, USA), 15.0 ml 
reduction moderator solution (Bio-Rad, USA), 15.0 ml image development reagent 
(Bio-Rad, USA), and 150 ml room temperature development accelerator solution 
(Bio-Rad, USA); iv) after the desired staining was reached, the gels were placed in 
5% acetic acid for at least 15 min to stop the reaction. After the reaction was 
quenched, the gels were rinsed in MilliQ water for 5 minutes. The gels were then 
ready to be dried or digitized.  
3.8.2 Bio-Safe Coomassie Stain 
Bio-Safe Coomassie stain was made with Coomassie Brilliant Blue G-250 as a 
ready-to-use single-reagent protein stain. The sensitivity of the method was 10 ng and 
the staining was conducted as follows: i) the gels were rinsed twice with MilliQ water 
for 10 min each time with agitation to remove SDS; ii) sufficient Bio-Safe Coomassie 
stain was added to cover the gels and these were incubated overnight with agitation; 
iii) the gels were rinsed with MilliQ water with agitation until the desired contrast was 
achieved.  
3.8.3 Destaining 
Before in-gel digestion, the gel spots were destained according to the 
following procedure: 
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(A) Silver destaining: Gel spots were incubated, at room temperature, with a freshly 
prepared mixture of sodium thiosulphate and potassium ferricyanide at final 
concentrations of 50 mM and 15 mM, respectively, for 15 min. This step was 
repeated until the gel plugs became colorless. 
(B) Coomassie destaining: Gel spots were destained using destaining solution (45.5% 
methanol and 9% glacial acetic acid in MilliQ water) until the gel plugs became 
colorless.  
3.9 Quantitative Analysis 
The gels were silver-stained using Silver Stain Plus kit (Bio-Rad) according to 
the protocol suggested by the manufacturer and the gel images were obtained using a 
GS-800 calibrated densitometer. The digitized images were analyzed using the 
PDQuest software (Version 7.3.1, Bio-Rad). Each image was processed as follows: (i) 
salt and pepper noises were removed from the gel images using a suitable filter. The 
type and size of the filter used were dependent on the noises; (ii) spots were detected 
subject to appropriate parameters, which were dependent on the respective gel images; 
(iii) the detected spots were manually edited and validated; (iv) the spots from 
different gels were matched and assigned to different groups; (v) the gels were 
quantitatively analyzed using threshold and statistical methods. Spot quantity is the 
total intensity of a defined spot in a gel image, corresponding to the amount of protein 
in the actual spot in the gel. For spots defined using the boundary tools, this was the 
sum of the intensities of the pixels within the boundary; for Gaussian spots, it was 
calculated as spot height*π*σx*σy, where spot height was the peak of the Gaussian 
representation of the spot, σx and σy were the standard deviations of the Gaussian 
distribution of the spot in the direction of the x and y axes, respectively. 
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Normalization was performed by dividing the raw quantity of each spot in a member 
gel by the total quantity of all the spots in that gel that had been included in the master 
gel of a matchset. The normalized quantity of each spot was averaged over the gel 
replicates. 
3.10 In-gel Digestion and Peptides Extraction 
Spots of interest were excised using Proteineer sp spot picker (Bruker-
Daltonics, Bremen, Germany) with a picking up tool of 1.5 mm in diameter. The 
proteins inside the gel plugs were digested using a Proteineer dp protein digestion 
station (Bruker-Daltonics). The protocol used was modified based on the method 
described by Schevchenko et al. (1996). Gel plugs were destained in a freshly 
prepared mixture of sodium thiosulphate and potassium ferricyanide at final 
concentrations of 50 mM and 15 mM, respectively. The gel pieces were then 
sequentially rinsed with 50 mM ammonium bicarbonate in acetonitrile (ACN), 100 
mM ammonium bicarbonate, and pure ACN followed by drying under a stream of 
nitrogen. Trypsin was used for protein digestion. This predominantly cleaved the 
proteins at the C-terminus of the amino acids lysine and arginine, except when either 
was followed by proline. Unmodified trypsin is subject to proteolysis, generating 
fragments that can interfere with protein sequencing or HPLC peptide analysis. In 
addition, proteolysis can result in the generation of pseudotrypsin, which has been 
shown to exhibit chymotrypsin-like specificity. Promega’s Sequencing Grade 
Modified Trypsin is porcine trypsin modified by reductive methylation and further 
improved by tosyl phenylalanyl chloromethyl ketone (TPCK) treatment, rendering it 
resistant to proteolytic digestion. Sequencing Grade Modified porcine trypsin 
(Promega, Madison, WI, USA) at a final concentration of 12.5 ng/μl in 50 mM 
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ammonium bicarbonate was added to the dried gel pieces. After 30 min incubation at 
8°C, the excess trypsin was removed by a nitrogen stream. Digestion proceeded in the 
swelled gel plugs at 30°C for 10 h. Finally, 0.1% TFA in 20 mM ammonium 
bicarbonate was added for peptide extraction.  
3.11 Protein Identification by MS 
Mass spectrometry analyses of the extracted peptides were performed using an 
AutoFlex II MALDI-TOF (Bruker-Daltonics). Three μl of the peptide extracts was 
injected onto an α-cyano-4-hydroxycinnamic acid (CHCA) thin layer prepared by 
depositing 3 μl of CHCA (Bruker-Daltonics) in 33% 2-propanol / ACN with 0.1% 
TFA onto an 800 μm Anchorchip MALDI probe (Bruker-Daltonics). For on-target 
desalting, the prepared samples were washed using 0.1% TFA and re-crystallized in a 
mixture of ethanol, acetone, and 1% TFA at a volume ratio of 6:3:1. Mass spectra of 
the samples within the range of [MH]+ m/z 800 – 3500 were acquired in the reflection 
mode at a laser frequency of 25.0 Hz. Signals from more than 100 laser shots were 
accumulated to obtain sufficient signal to noise (S/N) ratios. Sophisticated numerical 
annotation procedure (SNAP) peak picking algorithm with an S/N ratio of at least 2 
was used to annotate the mono-isotopic masses.  Before PMF data acquisition, 
external calibration was performed using the peptide standards: angiotensin II ([MH]+ 
m/z 1046.54180), angiotensin I ([MH]+ m/z 1296.68480), bombesin ([MH]+ m/z 
1619.82230), ACTH clip (1-17) ([MH]+ m/z 2093.08620), and ACTH clip (18-39) 
([MH]+ m/z 2465.19830) (Bruker-Daltonics).   
The PMF data were matched against the NCBInr protein database using the 
MASCOT search engine (www.matrixscience.com; Matrix Science, London, UK). 





Table 3-2 Database search conditions 
Parameter Value 
Database NCBInr (www.ncbi.nih.gov) 
Taxonomy Other proteobacteria 
Max missed cleavage 1 
Modifications Carbamidomethyl (C, fixed); Oxidation (M, variable) 
Protein mass Unrestricted 
Peptide mass tolerance ± 0.10-0.30 Da 
 
Three criteria were applied to evaluate the positive identification of a protein 
spot. They were: (i) a MASCOT search score which was statistically significant at 
p<0.05, or MOWSE score (-10*lgP, where P is the probability that the observed 
match was a random event) was above 72; (ii) at least 4 peptides were matched with a 
sequence coverage of 15% or higher; and (iii) theoretical pI value and protein mass 




4 METABOLIC PATHWAY AND CELLULAR 




Aromatic compounds are released into the environment as pollutants from 
industrial and urban activities. Many of them, which are included in the toxic 
chemicals list by the US Environmental Protection Agency (www.epa.gov), must be 
removed from the contaminated sites. When subjected to physico-chemical 
degradation, aromatic compounds display high recalcitrance due to the delocalized 
π-electron system in the phenyl ring. The most effective and economical way to 
remove aromatic pollutants thus far has been microbial degradation, primarily 
accomplished by bacteria (Parales and Haddock 2004; Parales et al. 2002; Bouwer 
and Zehnder 1993; Alexander 1981). In the past century, many bacterial species have 
been isolated from sites contaminated with aromatic compounds; most of them turned 
out to be from the genus Pseudomonas. P. putida is the paradigm of a metabolically 
versatile soil bacterium capable of catabolizing aromatic compounds in aerobic 
compartments of the environment. The ability to utilize a wide variety of xenobiotic 
and aromatic compounds has made P. putida a laboratory ‘workhorse’ for research in 
bioremediation.  
P. putida P8 was originally isolated from phenol-contaminated wastewater and 
deposited into the American Type Culture Collection with the accession number 
49451. This non-pathogenic Gram-negative bacterium has attracted considerable 
interest for studying the biodegradation of toxic aromatic compounds such as phenol. 
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These were focused mainly in two categories: (i) kinetics for cell growth and substrate 
degradation during bioremediation of the aromatic pollutants (Loh and Wu 2006; 
Wang et al. 2003; Wang and Loh 2000); and (ii) molecular mechanisms by which the 
bacteria adapt their membranes to the toxic substrates prior to degradation (Hartig et 
al. 2005; Holtwick et al. 1999; Heipieper et al. 1992). Although the catabolic 
pathways for aromatic compounds in some strains of P. putida could be predicted 
from the genomic data of P. putida KT2440 and some plasmids, little is known about 
the catabolic pathways encoded by strain P8 for aromatic compounds due to the 
incomprehensive understanding of this strain at the molecular biology level. The 
pioneer work in understanding the aromatic biodegradation pathways in P. putida P8 
was carried out in a benzoate degradation system through the detection and 
identification of some key metabolic intermediates (Loh and Chua 2002). Benzoate 
was found to be degraded primarily via the ortho-cleavage pathway when the initial 
substrate concentration was less than 200 mg/L. However, cells grown on high 
enough benzoate concentration (≥300 mg/L) were found to induce both the ortho- and 
the meta-cleavage pathways. These results were obtained based on the experimental 
observations of certain metabolic intermediates during the biodegradation.  
The most straightforward approach to characterize degradation pathways is to 
map the catabolic enzymes directly involved. To this end, enzymes have been usually 
assayed, purified and characterized individually (Iwaki and Hasegawa 2007; Bhushan 
et al. 2005; Krishnan et al. 2004; Lee et al. 2003). In recent years, with the 
completion of more and more genome sequencing projects, more and more research 
work on microbial proteomics projects has been carried out; accordingly, the number 
of publications on microbial proteomes has dramatically increased in the past few 
years. Most of them, however, dealt with prokaryotes that are of biomedical or 
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biotechnological interest, while studies with environmental bacteria are still at their 
early stages. On the other hand, many novel technologies for protein separation and 
identification in proteomics have been developed in recent few years. Although some 
of the newly developed methods are very powerful in obtaining proteomics data, 
conventional proteome analysis approach by combining 2-DE separation and 
MALDI-MS identification remains to be the most widely used method. Almost 80% 
and 70% of the microbial proteomics projects carried out from year 2000 to the 
present utilized 2-DE to resolve protein mixtures and MALDI-MS for protein spots 
identification, respectively. With the full or partial completion of the genome 
sequencing projects (www.genomesonline.org) for several P. putida strains, such as 
KT2440, F1, GB-1, PRS1, and W619, high throughput proteome analysis approach 
has been applied to study the biodegradation pathways in P. putida, particularly in the 
stain KT2440 whose entire genome has been sequenced. In addition to mapping the 
catabolic enzymes in biodegradation pathways, proteomics approach also provides 
insights into the global responses of a bacterium at the protein level when it is 
exposed to a specific aromatic compound.        
In this study, conventional proteome approach was employed to investigate 
the metabolic pathways and the cellular responses of the environmental bacterium P. 
putida P8 during growth on benzoate. The differential expression of proteins of P. 
putida P8 during growth on 100 mg/L and 800 mg/L benzoate was analyzed through a 
proteomics approach by using 2-DE for separation and MALDI-TOF MS for PMF 
based identification. The identification of these proteins was based on their homology 
with those derived from available genomic data belonging to the same or other closely 
related species or genus.  
 98
4.2 Experimental Design 
4.2.1 Sample Description 
Three biological replicates of 100 mg/L benzoate- and 800 mg/L benzoate-
grown cells (labeled L and H, respectively) were prepared and harvested in the mid-
log phase (with specific growth rate μ = 0.59±0.06 h-1 and 0.33±0.03 h-1 at OD600 of 
around 0.10 and 0.20 a.u., respectively). Cells grown on 10 mM succinate were 
harvested at OD600 of 0.20 a.u. as controls (labeled S). 
4.2.2 Quantitative Analysis 
Protein spots whose averaged normalized quantities in H were at least 1.5-fold 
or higher and 0.67-fold or lower when compared to those in S were excised from the 
gels for identification. Within this set of protein spots, two comparisons of the 
proteome profiles were performed by the Student’s t-test (p<0.05) between: (i) 800 
mg/L benzoate-grown cells and succinate-grown cells (H vs. S); and (ii) 100 mg/L 
benzoate-grown cells and 800 mg/L benzoate-grown cells (L vs. H). 
4.2.3 Bioinformatics Tools 
Protein functions were inferred from NCBInr protein database 
(www.ncbi.nih.gov), Gene Ontologies (www.godatabase.org) and Biocyc database 
(http://biocyc.org). Program PSORTb v.2.0 (http://psort.org) was used to allocate the 
localization of the identified proteins. The transmembrane segments of periplasmic 
proteins were predicted using TMHMM v.2.0 (www.cbs.dtu.dk/services/TMHMM-
2.0) or DAS Transmembrane Prediction programs (www.sbc.su.se/~miklos/DAS).  
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4.3 Results and Discussion 
Protein extracts from 100 mg/L and 800 mg/L benzoate-grown P. putida cells 
were analyzed by 2-DE method using gel patterns from succinate-grown cells as 
reference. The correlation coefficients (R2) for the biological and analytical gel 
replicates were 0.74 ± 0.03 and 0.85 ± 0.05, respectively. Using the specified 
threshold criteria (1.5-fold), 55 spots as annotated in Figure 4-1 were selected and 
excised from the gels. Among these, 32 protein spots were found differentially 
expressed (p<0.05) in the 800 mg/L benzoate-grown versus the succinate-grown cells, 
indicating the effects of different carbon sources on the proteome profiles. In addition, 
although the expression of most of the 55 spots was found unchanged, 9 proteins 
showed differential expression (p<0.05) in response to the different initial benzoate 
concentrations (H vs. L). All the 55 spots were positively identified as 51 different 
protein species with 4 species represented by multiple isoforms/spots on the 2-D gel 
(Table 4-1). 
4.3.1 Benzoate Catabolic Pathways in P. putida P8 
(A) Formation of 2-HMSA - an intermediate of the meta-cleavage pathway 
Figure 4-2 shows the cell growth profiles, together with the 2-HMSA 
formation patterns during the growth of P. putida P8 on 100 mg/L and 800 mg/L 
benzoate. Compared to a doubling time (td) of around 1.0 h on succinate, cells grown 
in 100 mg/L and 800 mg/L benzoate exhibited a td of about 1.2 h and 2.1 h, 





Figure 4-1 A representative 2-D gel (IPG strip pH 4-7, SDS-PAGE 12% 
acrylamide) of P. putida cells grown on 800 mg/L of benzoate. Spot numbers 
were generated by PDQuest. 
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Table 4-1 Identification of protein spots that were found changed in abundance by a threshold of 1.5-fold in P. putida grown on 800 











2710 Trigger factor  ZP_00901153 gi|82738318 18 (38%) 127 P. putida F1 
3203 Elongation factor P, Efp NP_744013 gi|26988588 7 (38%) 85 
P. putida 
KT2440 
3209 Alkyl hydroperoxide reductase C subunit, AhpC NP_744587 gi|26989162 8 (49%) 75 
P. putida 
KT2440 
3307 Transaldolase, Tal  NP_744317 gi|26988892 12 (34%) 112 P. putida KT2440 
3609 Phosphopyruvate hydratase, Eno NP_743769 gi|26988344 12 (40%) 107 P. putida KT2440 
3615 DNA-directed RNA polymerase α subunit, RpoA  NP_742645 gi|26987220 17 (37%) 203 P. putida KT2440 
3622 3-isopropylmalate dehydrogenase, LeuB  NP_744139 gi|26988714 8 (21%) 84 P. putida KT2440 
3814 
Outer membrane protein, bacterial surface 
antigen family  
ZP_00900044 gi|82737192 10 (16%) 75 P. putida F1 
4201 
Amino acid ABC transporter, periplasmic amino 
acid-binding protein 
NP_742449 gi|26987024 8 (34%) 96 P. putida KT2440 
4206 2-hydroxypent-2,4-dienoate hydratase, DmpE CAA43225 gi|45682 15 (53%) 200 Pseudomonas sp. 
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CF600 
4214 Glucose-1-phosphate uridylyltransferase, GalU  CAK15107 gi|95110399 13 (43%) 119 P. entomophila 
4215 Glucose-1-phosphate uridylyltransferase, GalU CAK15107 gi|95110399 15 (43%) 82 P. entomophila 
4302 Elongation factor TS, Tsf  NP_743749 gi|26988324 9 (42%) 96 P. putida KT2440 
4707 Putative fumarate hydratase, class I  NP_743058 gi|26987633 19 (25%) 131 P. putida KT2440 
4710 Malic enzyme ZP_00898977 gi|82736117 17 (44%) 167 P. putida F1 
4802 Glutamine synthetase, type I, GlnA NP_747147 gi|26991722 11 (31%) 117 P. putida KT2440 
4803 ATP-binding region, ATPase-like  ZP_00899672 gi|82736817 24 (32%) 131 P. putida F1 
4806 ATP-binding region, ATPase-like ZP_00899672 gi|82736817 19 (29%) 130 P. putida F1 
4908 Aconitate hydratase, AcnB NP_744488 gi|26989063 13 (20%) 90 
P. putida 
KT2440 
5116 DNA-binding stress protein, putative  ZP_00902326 gi|82739527 8 (64%) 121 P. putida F1 





succinocarboxamide synthase, PurC 
NP_743400 gi|26987975 13 (38%) 79 P. putida KT2440 
5303 Extracellular solute-binding protein, family 3  ZP_00900771 gi|82737928 21 (74%) 139 P. putida F1 
5723 ATP synthase subunit A, AtpA NP_747515 gi|26992090 11 (30%) 122 P. putida KT2440 
6112 Superoxide dismutase (Fe), SodB  NP_743076 gi|26987651 4 (32%) 76 P. putida 
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KT2440 
6201 2-HMSA hydrolase, DmpD CAA36993 gi|45680 12 (51%) 127 
Pseudomonas sp. 
CF600 
6208 3-oxoadipate-CoA transferase subunit A, PcaI AAN69545 gi|24985644 8 (35%) 85 
P. putida 
KT2440 
6302 NAD (+) synthetase, NadE  NP_746974 gi|26991549 11 (51%) 167 P. putida KT2440 
6404 Carbamate kinase ZP_00898791 gi|82735930 10 (25%) 90 P. putida F1 
6416 
Putrescine ABC transporter, periplasmic putrescine-
binding protein, PotF-2 
NP_747282 gi|26991857 12 (37%) 110 P. putida KT2440 
6617 
Branched-chain amino acid ABC transporter, 
periplasmic amino acid-binding protein 
NP_746972 gi|26991547 10 (32%) 92 P. putida KT2440 
6703 2-HMSA dehydrogenase, DmpC CAA36992 gi|45679 18 (49%) 198 
Pseudomonas sp. 
CF600 




ATP-dependent Clp protease ATP-binding subunit, 
ClpB  
NP_742786 gi|26987361 14 (20%) 74 P. putida KT2440 
6808 
Isocitrate dehydrogenase, NADP-dependant, 
monomeric-type  





Isocitrate dehydrogenase, NADP-dependant, 
monomeric-type 
NP_746142 gi|26990717 16 (26%) 131 
P. putida 
KT2440 
7203 Acetylglutamate kinase, ArgB NP_747390 gi|26991965 13 (47%) 114 P. putida KT2440 
7609 β-ketoadipyl-CoA thiolase, PcaF Q51956 gi|6093653 21 (59%) 145 
P. putida 
PRS2000 
7705 Adenylosuccinate synthetase, PurA  NP_746992 gi|26991567 11 (24%) 108 P. putida KT2440 
7709 Succinate-semialdehyde dehydrogenase, GabD  NP_742381 gi|26986956 13 (23%) 89 
P. putida 
KT2440 
7718 Arginine deiminase, ArcA  P41142 gi|728877 20 (52%) 203 P. putida 
7719 Aldehyde dehydrogenase family protein  NP_742708 gi|26987283 13 (27%) 95 
P. putida 
KT2440 
7807 Hypothetical protein PP0397  NP_742564 gi|26987139 9 (17%) 83 
P. putida 
KT2440 
7808 Catalase/peroxidase HPI  NP_745804 gi|26990379 12 (17%) 88 
P. putida 
KT2440 
8204 Succinyl-CoA synthetase α subunit, SucD  NP_746302 gi|26990877 16 (80%) 190 
P. putida 
KT2440 




8403 4-hydroxy-2-oxovalerate aldolase, DmpG CAA43227 gi|45684 10 (27%) 107 
Pseudomonas sp. 
CF600 
8502 Succinyl-CoA synthetase β subunit, SucC NP_746303 gi|26990878 21 (44%) 162 
P. putida 
KT2440 
8504 Cis,cis-muconate lactonizing enzyme I, CatB AAA25766 gi|151125 11 (40%) 132 
P. putida 
KT2440 
8515 Ornithine carbamoyltransferase  ZP_00898790 gi|82735929 10 (33%) 81 P. putida F1 
8605 Succinyl-CoA synthetase β subunit, SucC NP_746303 gi|26990878 9 (28%) 78 
P. putida 
KT2440 
8606 Serine hydroxymethyltransferase, GlyA-2  NP_742832 gi|26987407 8 (25%) 101 P. putida KT2440 
8809 Tail-specific protease, Prc NP_743876 gi|26988451 20 (35%) 211 P. putida KT2440 
9204 
Ionotropic glutamate receptor: bacterial 
extracellular solute-binding protein, family 3  
ZP_00899037 gi|82736177 8 (37%) 92 P. putida F1 

















Figure 4-2 (a) Growth profiles of P. putida P8 in 100 mg/L (○) and 800 mg/L (□) 
benzoate. (b) A375 profiles of cell-free filtrate during biodegradation. 
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For the case of 100 mg/L initial benzoate concentration, throughout the course 
of degradation, A375 was undetected in the filtrate of the culture medium. This 
suggests that the meta-cleavage pathway was not activated. For the degradation of 
800 mg/L benzoate, during the first 7 h of cultivation, the detected A375 was also very 
low. However, the profile picked up after 7 h and reached a maximum (~1.90 a.u.) at 
the late exponential growth phase (~15.5 h). Similar results have been reported by 
Loh and Chua (2002); the formation of 2-HMSA was observed only during the 
biodegradation of high concentrations (>600 mg/L) benzoate, an indication that the 
meta-cleavage pathway had been activated.  
(B) Activity of catechol dioxygenases - key enzymes in the ortho- and the meta-
cleavage pathways 
A simple test for the induction of the ortho- or the meta-cleavage pathway in 
the benzoate-degrading bacteria is the activity assay of catechol dioxygenases using a 
spectrometric method. Intracellular enzyme activities of C12D and C23D were 
determined in crude lysates of 100 mg/L or 800 mg/L benzoate-grown P. putida P8 
cells. The specific activities are shown in Figure 4-3. In the cells grown on 100 mg/L 
of benzoate, high activity of C12D was detected but no activity of C23D was 
observed. Interestingly, in 800 mg/L benzoate-grown cells, both of the two catechol 
dioxygenases were detected, although the activity of C23D was lower compared with 
C12D. This indicates that benzoate was metabolized solely by the ortho-cleavage 
pathway at the low concentration of 100 mg/L, while both the ortho- and the meta-
cleavage pathways were induced in the degradation of benzoate at the high 
concentration of 800 mg/L. 
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Figure 4-3 Activity assay of catechol 1,2-dioxygenase (C12D) and catechol 2,3-
dioxygenase (C23D); N.D., not detected.  
 
(C) Identification of catabolic enzymes - elucidation of the degradation pathways 
The cells needed for proteome analyses were harvested during the mid-log 
phases (OD600 of around 0.10 a.u. for L, 0.20 a.u. for H and 0.20 a.u. for S; Figure 4-
2), at which the cultures were well within the period of balanced growth. Hundreds of 
proteins in the pI range 4-7 were resolved in the 12%T 2-D gels. The analysis of the 
proteome patterns showed significant similarities in P8 during utilization of 100 mg/L 
or 800 mg/L benzoate as sole carbon sources. Only 8 proteins were found 
differentially expressed (p<0.05), including 5 proteins exclusively present in the cells 
grown on 800 mg/L benzoate (Figure 4-4). In comparison to cells grown on succinate, 
another 3 proteins were found solely expressed at cultivation with benzoate at both 
100 mg/L and 800 mg/L, while these were not detected on the 2-D gels of cells grown 
















Figure 4-4 Expression of 8 identified key catabolic enzymes in benzoate 
degradation in cells grown on 100 mg/L benzoate (L), 800 mg/L benzoate (H), 




All 8 proteins were positively identified as catabolic enzymes involved in the 
biodegradation of benzoate (Table 4-2). Among them, proteins CatB, PcaI and PcaF 
were enzymes activated during the ortho-cleavage pathway and proteins DmpC, 
DmpD, DmpE, DmpF and DmpG were catabolic enzymes that were used in both the 
hydrolytic and the 4-oxalocrotone branches of the meta-cleavage pathway. Proteins 4-
oxalocrotonate isomerase (6.9 kDa) and muconolactone Δ-isomerase (11.1 kDa) were 
not identified in the 2-D gels due to their low molecular weight, while other several 
ortho- and meta-cleavage pathway enzymes were not identified possibly because they 
were also not well-resolved in the gels due to their close Mr/pI values and/or electro-
endoosmotic effects, which have also been suggested as possible reasons for 
incompletely mapping the catabolic pathway enzymes (Kurbatov et al. 2006). 
Together with the proteins identified in this study, Table 4-3 summarizes the list of 
key proteins that were involved in the catabolic pathways for aromatic compounds 
and that have been positively identified through proteomics approaches.  
In biodegradation processes, aromatic compounds are transformed through 
various peripheral pathways to certain intermediates before being further degraded via 
several central pathways leading to the central metabolism. For benzoate degradation, 
catechol and benzoyl-CoA are the key intermediates in the aerobic and anaerobic 
catabolic funnels, respectively. In P. putida, ben genes have been reported to be 
responsible for the conversions of benzoate to catechol, which is subsequently cleaved 
and converted into Krebs cycle intermediates through the ortho- or the meta-cleavage 
pathways (Jimenez et al. 2002; Harwood and Parales 1996). 
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Table 4-2 Identification of catabolic enzymes involved in benzoate degradation 
Spot 
No. Enzyme (gi#) 
Mascot score 
(coverage) Matched peptides (highlighted) in protein sequence 























































































































Table 4-3 Some key enzymes in catabolic pathways for aromatic compounds identified through proteomics approaches 
Organism Substrate Proteins involved in substrate degradation Approaches References 
P. putida P8 Benzoate (100 mg/L or 800 mg/L) 
CatB, PcaI, PcaF, DmpC, DmpD, DmpE, 
DmpF, DmpG 2-DE, MALDI-MS This study 
P. putida KT2440 Phenol (2.5 mM) PhlB, PhlC, PhlD, CatB, CatC,CatA, PcaF, PcaI 2-DE, MALDI-MS (Kurbatov et al. 2006) 
P. putida KT2440 
Benzoate (5 mM) PcaF, PcaI, CatA, CatB, BenD, CatC, BenA, PcaD 
2-DE, ICAT, MALDI-
MS(/MS) 
(Kim et al. 
2006) 
p-Hydroxybenzoate 
(5 mM) PcaF, PcaI, BenD, CatC, PcaD, PcaG, PcaH 
Vanilline (5 mM) VanB, PcaF, PcaG, PcaH, PcaD, PcaC 
Phenylethylamine (5 
mM) PhaL, PhaM, PhaD 
Phenylalanine (5 
mM) Hpd, HmgA 
Rhodococcus sp. 
strain TFB Phthalate (0.2% w/v) PhtAb, PhtB, PhtC, PcaG, PcaH, PcaI, PcaF 
2-DE, DIGE, MALDI-
MS(/MS), LC-MS/MS  
(Tomas-












Benzoate (5 mM) 
BphA, BphE, BphG, BphB, BphC, BphD, 
BphH, BphI, BphJ, BenA, BenB, BenC, BenD, 
CatA, CatB, PcaF, PcaJ, BoxBc, BoxCC, 
BCLM, BoxBM, BoxCM 
2-DE, MALDI-MS (Denef et al. 2005) 
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Biphenyl (5 mM) 
BphA, BphE, BphG, BphB, BphC, BphD, 
BphH, BphI, BphJ, BenA, BenB, BenC, BenD, 
CatA, CatB, PcaF, PcaJ, BCLC, BoxBC, BoxCC 
P. putida DOT-
T1E Toluene (5.8 mM) TodC1, TodG, TodF 
2-DE, MALDI-
MS(/MS), LC-MS/MS 
(Segura et al. 
2005) 
Pseudomonas sp. 
strain phDV1 Phenol (200 mg/L) 
NahJ, PhlC, XylF, DmpF, DmpB, DmpE, 





Aniline (5 mM)  C23D, 2-HMSA dehydrogenase, 2-HMSA hydrolase, AhpE, CatC, PcaF, TdnT 
2-DE, LC-MS/MS (Kim et al. 2004) p-Hydroxybenzoate (5 mM) ProH, PmdA, PmdB, PobA 
Benzoate (5 mM) CatA 
Acinetobacter sp. 
KS-1 Benzoate (5 mM) CatA, CatI 
2-DE, MALDI-MS, N-
terminal sequencing 
(Kim et al. 
2003) 
A. lwoffii K24 Aniline (1.022 g/L) CatA1, CatA2, CatC1, CatC2, CatI, CatJ 
2-DE, N-terminal 
sequencing 
(Kim et al. 
2002) 
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Since the chromosomally encoded ortho-cleavage pathway is ubiquitous in 
Pseudomonas (Table 4-4), it is not surprising that the ortho-cleavage pathway is 
present in strain P8 for benzoate degradation.  
Table 4-4 Catabolic pathways for benzoate degradation by Pseudomonas species 
Species and strain Degradation pathway References 
P. putida KT2440 ortho-cleavage pathway (Kim et al. 2006) 
P. putida PRS2000 
ortho-cleavage pathway (Parales 2004) P. putida TW3 Pseudomonas sp. strain 
4NT 
Pseudomonas sp. K82 ortho-cleavage pathway (Kim et al. 2004) 
Pseudomonas sp. strain 
PP2 ortho-cleavage pathway 
(Prabhu and Phale 
2003) 
P. stutzeri strain SPC2 ortho-cleavage pathway (Ahamad and Kunhi 1996) 
P. putida PRS2000 ortho-cleavage pathway 
(Nichols and Harwood 
1995; Harwood et al. 
1994) 
P. cepacia ATCC 29351 ortho-, meta-cleavage pathways (Hamzah and Albaharna 1994) 
Pseudomonas sp. Strain 
KB740 benzoyl-CoA pathway 
(Altenschmidt et al. 
1993; Altenschmidt et 
al. 1991) 
P. testosteroni B-356 meta-cleavage pathway (Sondossi et al. 1992) 
 
The enzymes CatB, PcaI, and PcaF are involved in two branches of the ortho-
cleavage pathway: the catechol branch (cat genes) and the protocatechuate branch 
(pca genes), which converge at β-ketoadipate enol-lactone, and pcaDIJF gene 
products complete the subsequent conversions into the Krebs cycle. The pair of genes 
pcaIJ which was co-transcribed in P8 encoded two separate subunits of 3-oxoadipate-
CoA transferase. In this case, the expression levels of the two proteins should be 
parallel to each other. The down-regulation (0.60-fold) of the enzyme PcaIJ was 
observed in H versus L, which was due to the diversion of the metabolic flux caused 
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by the activation of the meta-cleavage pathway in H. Accordingly, enzymes CatB and 
PcaF should have also been down-regulated. However, this was not observed because 
these two spots were of bad quality and therefore not accurately quantified. As shown 
in the representative gel (Figure 4-1), spots 7609 (PcaF) and 8504 (CatB) were 
partially negatively stained. In addition to the down-regulation of the enzyme PcaIJ in 
H versus L, the specific enzyme activity of C12D also suggests that the ortho-
cleavage pathway was down-regulated in H (Figure 4-3).  
In order to rapidly adapt to the presence of new substrates in the ecosystems 
via horizontal transfer of certain genes, some catabolic pathways, such as the meta-
cleavage pathway in P. putida for the catabolism of aromatic compounds are usually 
coded by plasmids, such as the toluene/xylene xyl pathway encoded by pWW0 
(Greated et al. 2002; Harayama and Rekik 1990) and the phenol/dimethylphenol dmp 
pathway encoded by pVI150 (Shingler et al. 1993). P. putida strains, such as strain 
mt-2 harboring these catabolic plasmids have the capability to utilize benzoate via the 
meta-cleavage pathway. In P. putida P8, three plasmids (pPP8-1, pPP8-2 and pPP8-3) 
were detected (Holtwick et al. 2001); however, no catabolic plasmid in P8 has been 
reported. Interestingly, this study confirmed the expression of the two branches (the 
hydrolytic branch and the 4-oxalocrotone branch) of the meta-cleavage pathway 
during the biodegradation of high concentrations (800 mg/L) of benzoate by strain P8. 
The catabolic pathways encoded in P. putida P8 for benzoate degradation are 





Figure 4-5 Proposed catabolic pathways for benzoate degradation by P. putida 
P8. Enzymes are represented by their EC numbers. Identified enzymes are 
underlined and noted with their corresponding spot numbers. Enzymes 
underlined and in italics are those whose activities have been confirmed 
experimentally. DHB, 1,2-dihydro-1,2-dihydroxybenzoate; 2-HMSA, 2-











































(spot 8504) (spot 6201)
 119
Through flux analysis and enzyme assay, the induction of the meta-cleavage 
pathway at high benzoate concentrations (up to 40 mM) in Alcaligenes eutrophus has 
been reported (Ampe and Lindley 1996). This was attributed to the flux limitation of 
the ortho-cleavage pathway and the overflow of metabolites within the pathway. That 
two different metabolic pathways could be initiated for benzoate, so unique to P8 has 
never been reported in other P. putida strains. In recent years, proteome analysis has 
been successfully utilized to elucidate the degradation pathways for aromatic 
compounds, including the catabolic pathways for benzoate. For P. putida KT2440, it 
has been found that the chromosomally encoded ortho-cleavage pathway has been 
utilized to degrade benzoate (Kim et al. 2006), which correlated well with the 
prediction from genome analysis. Due to the absence of the TOL plasmid, strain 
KT2240 also utilized phenol via the ortho-cleavage pathway. On the contrary, 
Pseudomonas sp. strain phDV1 was shown to degrade phenol through the meta-
cleavage pathway (Tsirogianni et al. 2006; Tsirogianni et al. 2004). In a research 
work carried out by Kim et al. (2004), both of the ortho- and meta-cleavage pathways 
were identified in the degradation of aniline by Pseudomonas sp. K82, although 5 
mM benzoate was found to be utilized only via the single ortho-cleavage pathway by 
the same organism. 
Regulatory mechanisms governing the expression of specific catabolic 
pathways for aromatic compounds are highly diverse in environmental bacteria 
(Galvao and de Lorenzo 2006; Molina-Henares et al. 2006; Tropel and van der Meer 
2004). In P. putida, two branches of the ortho-cleavage pathway, that is, the catechol 
and protocatechuate branches were regulated by CatR and PcaR, respectively. CatR, a 
member of the LysR-Type regulators (LTTRs), co-regulated the expression of the 
operons pheBA (peripheral pathway) and catBCA (central pathway via catechol ortho-
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cleavage) for phenol and catechol catabolism (Kasak et al. 1993; Rothmel et al. 1990). 
It is a transcriptional activator in the presence of cis,cis-muconate as an inducer 
(Rothmel et al. 1990). PcaR from the IclR-type regulators family is a transcriptional 
activator in P. putida controlling the expression of the pca operons for 
protocatechuate (central pathway via protocatechuate), where β-ketoadipate is an 
inducer (Romero-Steiner et al. 1994). The meta-cleavage pathway could be encoded 
by the chromosome or the plasmid in P. putida and regulated by chromosomally- or 
plasmid-encoded transcriptional regulators. XylS from the AraC family was involved 
in the expression control of the meta-cleavage pathway operon for toluene 
degradation encoded by the TOL plasmid pWW0 in the TOL harboring strains, such 
as P. putida mt-2 (Inouye et al. 1981). Benzoate, methylbenzoate and 
dimethylbenzoate were identified as the inducers for XylS (Tropel and van der Meer 
2004; Inouye et al. 1981). Expression of XylS was strongly dependent on XylR, 
another regulator protein for the xylene and toluene degradation pathway encoded by 
the TOL plasmid. XylR is a regulator from the NtrC family that responds to the 
substrates for the upper pathway, such as toluene and xylene (Ramos et al. 1997). In 
addition, BenR from the AraC family for the ben operon was shown to possess a high 
similarity in amino acid sequence to XylS (62% identity) and was identified as an 
activator of the ortho-cleavage pathway for benzoate degradation as well as an 
activator of the meta-cleavage pathway for benzoate and methylbenzoate degradation 
(Cowles et al. 2000). NbzR (MarR-type) and DmpR (NtrC-type) are two other meta-
cleavage pathway associated regulators encoded on plasmid pNB1 in P. putida HS12 
and plasmid pVI150 in Pseudomonas sp. Strain CF600, respectively (Park and Kim 
2001; Shingler et al. 1993). NbzR regulated the expression of the nbz operon for the 
meta-cleavage catabolic pathway of aminophenol, while DmpR controlled the dmp 
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operon encoding the meta-cleavage pathway for phenol degradation. Phenol, cresol, 
and 3,4-dimethylphenol were reported as the inducers for DmpR (Tropel and van der 
Meer 2004; Shingler and Moore 1994). In P. putida F1 and P. putida DOT-T1, a two-
component regulatory system TodST encoded by the chromosome was identified as a 
regulatory system controlling the tod operon for the meta-cleavage catabolic pathway 
of toluene (Mosqueda et al. 1999; Lau et al. 1997).  
Due to insufficient knowledge of the strain P8 at the biochemical and 
molecular biology levels, the regulatory mechanisms for the aromatic catabolic 
pathways in P8 are still not clear. Based on the results obtained in this study, it is 
reasonable to predicate that (i) in addition to the three known plasmids, there might be 
some catabolic plasmids encoding the meta-cleavage pathway that are still undetected 
or not characterized in strain P8; or (ii) the chromosome of P8 could encode both the 
ortho- and the meta-cleavage pathways for the catabolism of aromatic compounds; (iii) 
the regulatory mechanism in P8 could be more complicated than other P. putida 
strains due to the presence of the cross-talk between the ortho- and the meta-cleavage 
pathway regulatory systems in response to the fluctuations of substrate concentration. 
More investigations would be required for a comprehensive understanding of the 
regulatory mechanisms for aromatic catabolic pathways in P. putida P8, which could 
be used as sensory mechanisms in whole-cell living bioreporters to measure the 
quality of aqueous, soil, and air environments (Trogl et al. 2005; Nivens et al. 2004; 
Dua et al. 2002; Sticher et al. 1997). 
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4.3.2 Stress Responses of P. putida P8 to Growth on 
Benzoate 
Sodium benzoate is widely used as a food preservative. Aqueous benzoate 
enters the cells by diffusion of uncharged benzoic acid. As an organic acid, benzoate 
can easily enter the cytosol and release protons, thus causes more severe damage than 
inorganic acids. In addition to the decomposition of benzoate via catechol through 
both the ortho-and the meta-cleavage pathways, proteome analysis also revealed that 
various stress responses were expressed in the cells during their growth on benzoate 
(Table 4-5).  
Table 4-5 Differentially expressed chaperones and detoxification/oxidative stress 
response proteins in P. putida P8 during benzoate degradation. 




3209 Alkyl hydroperoxide reductase C subunit, AhpC (gi|26989162) 6.18 - 
4803 ATP-binding region, ATPase-like (gi|82736817) 4.43 - 
4806 ATP-binding region, ATPase-like (gi|82736817) 2.87 - 
5116 DNA-binding stress protein, putative (gi|82739527) 0.21 - 
6112 Superoxide dismutase (Fe), SodB (gi|26987651) 1.88 - 
7808 Catalase/peroxidase HPI (gi|26990379) 3.67 3.60 
 
Several proteins involved in oxidative stress response, protein AhpC, iron-
superoxide dismutase SodB, and a catalase protein catalase/peroxide HPI were 
expressed when P8 was grown in either succinate or benzoate. As revealed by 
quantitative analysis, the former two proteins were up-regulated in P. putida 
regardless of growth on 100 mg/L or 800 mg/L benzoate. On the other hand, 
catalase/peroxide HPI was found unchanged in expression during growth on succinate 
or 100 mg/L benzoate. P. putida is an obligate aerobe producing energy via substrates 
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oxidation, which requires the four-electron reduction of O2 to form H2O. However, 
incomplete reduction may result in the production of reactive oxygen species (ROS), 
including superoxide, hydrogen peroxide, and the hydroxyl radical, a consequence of 
which is oxidative stress responses (Fridovich 1978). The oxidative stress could be 
more severe during the biodegradation processes of aromatic pollutants, during which 
chemically active intermediates, such as catechol, could generate ROS and form 
spontaneously colored polymers that poisoned the exposed bacteria (Benndorf et al. 
2006). Therefore, P. putida generally induced more ROS detoxifying proteins in 
response to aromatic compounds compared with succinate (Benndorf et al. 2006; Kim 
et al. 2006; Kurbatov et al. 2006; Santos et al. 2004). As a primary scavenger for 
hydroperoxides, peroxiredoxin AhpC may not be suitable for detoxifying huge 
quantities of ROS since oxidized AhpC must be reduced by peroxiredoxin reductase 
AhpF for reactivation, where NADH is required. In this case, the heme-containing 
protein catalases play important roles in oxidative stress defense. As shown in this 
study, the up-regulation of bifunctional catalase/peroxidase HPI enzymes was also 
registered in cells grown on 800 mg/L of benzoate. AhpC and catalase/peroxidase 
HPI would be involved in the detoxification of large amounts of peroxides 
cooperatively.  
In P. putida, the expression of AhpC and bifunctional catalase/peroxidase HPI, 
along with another catalase was reported to be controlled by OxyR (Hishinuma et al. 
2006). This was different from that observed in P. aerugenosa, where the expression a 
housekeeping catalase was not OxyR-dependent (Hishinuma et al. 2006). SodB was 
another important protein that was up-regulated in response to the growth on benzoate 
to relieve oxidative stress by eliminating ROS, preventing or repairing oxidative 
damage. Two peroxide dismutases (SodA and SodB) are present in Pseudomonas 
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species although SodB might be more important than SodA for aerobic growth (Heim 
et al. 2003; Hassett et al. 1995). SodB was found up-regulated in response to phenol 
exposure, while both of the SodA and SodB were amplified in the presence of MTBE 
(Santos et al. 2004; Krayl et al. 2003). The genes sodA and sodB were under the 
control of another regulon, SoxRS.  
The ATPase-like ATP-binding region protein, which is a molecular chaperon 
and which belongs to the Hsp90 family, was found up-regulated. However, although 
the heat shock proteins DnaK and GroEL, the trigger factor Tig, and the ATP-
dependent Clp protease ClpB were also induced in benzoate-grown P. putida P8, no 
significant changes in their spot volumes in cells grown on succinate, or benzoate at 
the two investigated concentration levels were observed. DnaK, GroEL and ClpB are 
involved in a chaperone network that is essential for the recovery of protein 
aggregates induced by stress. Their expressions under different environmental stresses 
have been reported in some typical proteome analysis projects for P. putida KT2440: 
Chaperone DnaK was induced in P. putida cells grown on succinate, glucose, 
pyruvate or phenol and was found up-regulated during growth on phenol and pyruvate 
(Kurbatov et al. 2006); on the contrary, in P. putida cells with 1 h exposure to 600 
mg/L or to 800 mg/L of phenol, both of the chaperone proteins DnaK and GroEL 
were not changed in their expression (Santos et al. 2004). In a recent study, Kim and 
coworkers reported that DnaK was up-regulated in P. putida grown on benzoate or p-
hydrobenzoate, while GroEL was up-regulated during growth on phenylalanine. 
However, through cleavable ICAT analysis to obtain a more complete profile of 
benzoate-induced proteins, Kim and his team (2006) found no changes in DnaK and 
GroEL expression. Our proteome analysis results mainly corroborated the 
observations reported in the literature. As for some of the minor discrepancies in the 
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induction levels, these could be due to the differences in methods for toxic chemicals 
exposure and for gel quantitative analysis. 
In addition, the putative DNA-binding stress protein was slightly expressed in 
succinate-grown cells and was up-regulated in benzoate-grown P. putida cells; similar 
results have been reported in strain KT2440 during growth on succinate, phenol and 
pyruvate (Kurbatov et al. 2006). The putative DNA-binding stress protein contains a 
DPS (DNA-protecting protein under starved conditions) domain and is a member of a 
broad superfamily of ferritin-like diiron-carboxylate proteins (www.ncbi.nih.gov). 
These proteins protect the cell from various stresses, including oxidative damage of 
DNA, which is most likely associated with protein-DNA binding, and chromosome 
compaction, metal chelation, ferroxidase activity, and regulation of gene expression 
(Kurbatov et al. 2006; Nair and Finkel 2004; Martinez and Kolter 1997). To 
understand the regulatory function of this protein in benzoate catabolism, the gene 
encoding it could be cloned and introduced into reporter strains for further 
investigation.    
4.3.3 Adaptation of Other Metabolic Routes to Growth on 
Benzoate 
Some enzymes of the TCA cycle like isocitrate dehydrogenase, succinyl-CoA 
synthetase SucC and SucD, and aconitate hydratase AcnB were up-regulated in the P. 
putida cells grown on benzoate. They are all directly or indirectly involved in NADH 
production. During growth on benzoate, with accumulation of benzoate in the cells, 
the proton-driven solvent efflux pumps exported benzoate from the cell, requiring up-
regulation of NADH production. In addition, the cellular level of succinate 
semialdehyde dehydrogenase GabD was also increased. In Pseudomonas species, 
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GabD catalyzes the conversion of succinate semialdehyde to succinate with NAD+ as 
a cofactor, producing NADH (Callewaert DM et al. 1973). Consistent results were 
recently reported by Kim et al. (2006), where the increased expression of SucC, SucD, 
and succinate semialdehyde dehydrogenase was observed during growth of P. putida 
KT2440 on benzoate. Thus, the up-regulation of this set of NADH-producing proteins 
fits well within the strategy to keep the cellular energy levels sufficiently high under 
benzoate stress. Simultaneously, proteins involved in the metabolism of amino acids 
(arginine deiminase ArcA and ornithine carbamoyltransferase ArgI) were down-
regulated suggesting a requirement for a decreased capacity of protein synthesis 
relative to benzoate-grown cells. In addition, the down-regulation of the elongation 
factor P (Efp) also indicates reduced protein synthesis (Ganoza and Aoki 2000). 
Synthesis of amino acids and proteins requires ATP, which is also indispensable for 
the regulation of many pathways and adaptation mechanisms. The down-regulation of 
these proteins might be due to the ATP deficiency in response to growth on benzoate, 
although no obvious links between these protein regulations and the cellular energetic 
status have been identified. On the other hand, the growth rate of P. putida with 
succinate was greater compared with that of benzoate-grown cells, consistent with a 
larger demand for biosynthesis during growth on succinate.  
During growth on benzoate, the down-regulation of several enzymes involved 
in protein synthesis (translational elongation factor Ts and G, seryl-tRNA synthetase, 
and ribosomal protein L36) in P. putida KT2440 cells was also reported using 
cleavable ICAT analysis (Kim et al. 2006). Similarly, a set of proteins involved in the 
metabolism of amino acids was preferentially synthesized in P. putida KT2440 cells 
grown on phenol compared with those grown on succinate (Kurbatov et al. 2006). 
This differed from phenol induced response in P. putida KT2440 where several 
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enzymes involved in the biosynthesis of glutamate, serine and aromatic amino acids, 
were slightly up-regulated (Santos et al. 2004). The observed up-regulation of these 
enzymes was reported to restore amino acid pools following their depletion during 
phenol shock (Santos et al. 2004). 
There is no doubt that most of the identified proteins turned out to be allocated 
to cytoplasmic sites because the methodology used in this study was generally for 
extracting cytosolic proteins and not suitable to separate and detect membrane 
proteins. Interestingly, several periplasmic ABC transporters (spots 4201, 6416, and 
6617) and periplasmic proteins (spots 5303, 9204, and 9301) were also identified. 
They have been confirmed to have transmembrane segments (Table 4-6).  
Similarly, 12 periplasmic proteins were identified in the cytosol fraction from 
P. putida grown on tetracycline, where these proteins were assumed to have been 
released from the periplasmic region and combined with the cytosolic fraction after 
cell disruption (Yun et al. 2006). All of the three identified ABC transporters were 
involved in the transport of amino acids and they were synthesized during growth on 
both 100 mg/L and 800 mg/L of benzoate, albeit only slightly expressed during 
growth on succinate. The up-regulation of these ABC transporters suggests that the 
increased transport of amino acids might be a cellular response to benzoate stress. 
Taking the fact that cell growth on benzoate was significantly slower than that on 
succinate into consideration, the transport systems was most likely induced during 
growth on benzoate for the uptake of additional growth substrates, which could be 
taken as a strategy to make available alternative substrates for ATP synthesis. One 
outer membrane protein from the bacterial surface antigen family (spot 3814, 
gi|82737129) with a signal peptide cleavage site between residue 20 and 21 predicted 
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by SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP) was found up-regulated in 
benzoate-grown P. putida P8 cells, suggesting its possible function in coping with 
toxic levels of the benzoate substrate. This is consistent with the recent transcriptional 





Table 4-6 Identification of several periplasmic proteins and their corresponding predicted transmembrane segments. 




4201 Amino acid ABC transporter, periplasmic amino acid-binding protein (NP_742449, P. putida KT2440) 1.61 - 7-24 
5303 Extracellular solute-binding protein, family 3 (ZP_00900771, P. putida F1) 2.99 - 7-29 
6416 Putrescine ABC transporter, periplasmic putrescine-binding protein, PotF-2 (NP_747282, P. putida KT2440) 1.77 - 9-18 
6617 Branched-chain amino acid ABC transporter, periplasmic amino acid-binding protein (NP_746972, P. putida KT2440) 3.20 - 10-12, 312-316 
9204 Ionotropic glutamate receptor: bacterial extracellular solute-binding protein, family 3 (ZP_00899037, P. putida F1) 2.21 - 5-27 
9301 Thiosulphate-binding protein (ZP_00902785, P. putida F1) 1.52 - 8-19, 80-89,120-123, 234-243 
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of aromatic compounds took place at the envelope level (Dominguez-Cuevas et al. 
2006). Another interesting protein was the septum-determining protein MinD, whose 
abundance was found to increase in P. putida cells grown on benzoate and to increase 
with higher benzoate concentration. The minD gene was required for restricting cell 
division to the cell’s midpoint (Raskin and deBoer 1997). The up-regulation of this 
protein might suggest that cell division was inhibited during growth on benzoate, 
which is in accordance with the observed lower growth rate compared with growth on 
succinate.  
4.4 Concluding Remarks 
Proteomics analysis revealed the activation of both the hydrolytic and the 4-
oxalocrotone branches of the meta-cleavage catabolic pathway in P. putida P8 cells 
grown on high concentration of benzoate. To our knowledge, this is the first time that 
the induction of the meta-cleavage pathway has been confirmed directly at the protein 
level in P. putida P8. Furthermore, various cellular responses of P. putida P8 to 
growth on benzoate have also been elucidated. The results are in good agreement with 
those that have been reported in P. putida KT2440. This study also demonstrates the 
use of proteome analysis as a tool to explore the molecular mechanisms and the cell’s 
physiological responses during bioremediation of aromatic pollutants. 
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5 GLOBAL PHYSIOLOGICAL UNDERSTANDING OF P. 
PUTIDA IN BIPHASIC GROWTH ON A MIXTURE OF 




In many aerobic bioremediation processes, microorganisms metabolize the 
organic contaminants to obtain carbon and/or energy for growth, converting them to 
carbon dioxide, water and biomass. For some non-growth supporting aromatic 
compounds, such as the chlorinated aromatics, biotransformation occurs through co-
substrate utilization, or what is known as cometabolic biotransformation. Here, 
catabolic enzymes induced by the growth substrate are also used to biodegrade the 
non-growth substrate (co-substrate) (Loh and Wu 2006; Yu and Loh 2002; Wang and 
Loh 2000). A very well studied system is the cometabolic transformation of 4-
chlorophenol (4-cp) in the presence of phenol and sodium glutamate (SG) (Wang et al. 
2003; Wang and Loh 2000).  
In particular, in one of the studies, a new biphasic growth pattern has been 
reported by Wang and Loh (2000). In this ternary substrate system, phenol was the 
growth substrate for P. putida, responsible for the induction of the necessary enzymes 
for the cometabolic transformation of 4-cp. Glutamate was an added conventional 
non-toxic substrate for enhancing cell growth and subsequently biodegradation 
efficiency. Concurrent utilization of phenol and glutamate was observed in P. putida 
cell growth on the mixture of phenol and glutamate. However, in the presence of 4-cp, 
a new growth pattern which was characterized by two exponential growth phases 
separated by an intermediate lag phase manifested under certain unique concentration 
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combinations of the three substrates. It was found that cells preferentially utilized 
phenol in the first exponential growth phase while glutamate was mainly utilized in 
the second growth phase. Through experimentation and kinetics modeling, it was 
inferred that the biphasic growth was due to the disparity of the toxicity of 4-cp to 
phenol-oxidizing and SG-oxidizing enzyme activities (Wang et al. 2003; Wang and 
Loh 2000). While this was sufficiently accepted, it was rather general in its meaning. 
In addition, although lots of work has been done in microbial degradation of mixtures 
of aromatic compounds, little is known about the physiological changes that occur 
during growth of the microorganisms on mixed substrates (Reardon and Kim 2002). 
This system offers proteomics analysis an excellent model to justify the power of the 
tool to biodegradation research. 
P. putida P8 cells were cultured in specific ternary cometabolic systems. 2-DE 
was used to resolve the proteins in lysates of cells harvested from the two growth 
phases, and the PMFs obtained using MALDI-TOF were used for protein 
identification. Based on identities and functions of the proteins which have shown 
differential expression, the global physiological changes within the cells during the 
biphasic growth was elucidated to better understand the toxicity imposed by 4-cp and 
also to ascertain the long term stability of the treatment process that employs these 
microorganisms. Furthermore, the information obtained from this research represents 
the beginning contributions to scientific knowledge for a mixed pollutant cometabolic 
system on the proteome level. 
 133
5.2 Experimental Design 
5.2.1 Sample Description 
In the cometabolic system, P. putida P8 was grown on a mixture of phenol, 4-
cp, and glutamate at initial concentrations of 200 mg/L, 200 mg/L, and 1000 mg/L, 
respectively. The biphasic growth with two exponential phases separated by an 
intermediate lag-phase was observed. Cells were harvested from both the first (GP-I) 
and the second (GP-II) mid-exponential phases at specific growth rates of 0.10±0.01 
h-1 and 0.22±0.02 h-1 with OD600 of around 0.10 and 0.53 a.u., respectively.  
5.2.2 Quantitative Analysis 
Protein spots whose averaged normalized quantities in GP-I were at least 1.5-
fold or higher and 0.67-fold or lower versus GP-II were excised from the gels for 
identification. Within this set of protein spots, comparison of the proteome profiles 
was performed by the Student’s t-test (p<0.05). 
5.3 Results and Discussion 
5.3.1 Biphasic Growth of P. putida P8 
The model cometabolic system in this study has been reported in a previous 
study, which documented a biphasic growth pattern of P. putida in the cometabolic 
biotransformation of 4-cp in the presence of phenol and glutamate under certain 
conditions (Wang et al. 2003; Wang and Loh 2000). In the current study, P. putida 
was grown on the substrate mixture containing 200 mg/L of phenol, 200 mg/L 4-cp, 
and 1000 mg/L SG. As depicted in Figure 5-1a, P. putida manifested exponential 
growth in two distinct phases, having specific growth rates of 0.10±0.01 h-1 and 0.22 
























Figure 5-1 Cometabolic transformation of 4-cp (200 mg/L) by P. putida P8 using 
phenol (200 mg/L) and sodium glutamate (1000 mg/L) as growth substrates. (a) 
Cells were harvested at GP-I and GP-II; (b) Estimated consumption of 
individual substrates during the biphasic growth. Lag, lag phase; Log-I, first 
growth phase; i-Lag, intermediate lag phase; Log-II, second growth phase. 
Adapted from Wang and Loh (2000).  
 
Consumption of the individual substrates during the two growth phases (Log-I 
& Log-II), and that during the intermediate lag phase (i-Lag) was previously 
estimated by Wang and Loh (2000). An adaptation is shown in Figure 5-1b. As can be 
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seen, around 80% of the initial phenol and 75% of the initial glutamate was utilized 
during the first and the second growth phases, respectively (Wang and Loh 2000). P. 
putida used different catabolic pathways for phenol and glutamate utilization, and 
different specific sets of proteins could be expressed in each of the growth phases in 
response to the substrate utilized. To comprehensively understand the cellular 
behavior in this complex cometabolic system, cells harvested at GP-I and GP-II 
(Figure 5-1a) were subjected to proteome analyses. 
5.3.2 Analysis of Proteome Profiles 
A) 2-DE gel analysis 
Proteins expressed by the cells harvested from GP-I and GP-II were separated 
by 2-DE according to pI and Mr. The pH 4-7 IPG strips were loaded with 150 µg of 
protein from GP-I and GP-II cells, and the gels were silver stained. Figure 5-2 shows 
one representative pair of gels containing the proteins from GP-I and GP-II cells. 
According to the 1.5-fold threshold criterion, a total of 49 spots were excised from the 
gels for MS analysis. Among them, Student’s t-test analysis indicated that 16 spots 
were statistically significant at p<0.05.  
B) Protein identification and functional classification 
Based on the gel comparison, the 49 spots were excised, digested, and 
analyzed using MALDI-TOF MS and all of them generated significant protein hits. 
These are listed in Table 5-1, among which the 16 differentially expressed proteins 
are indicated in bold-face. The differentially expressed proteins were assigned into 
different functional categories and listed in Table 5-2. Their functions and the 
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involved biological processes were obtained from the Kyoto Encyclopedia of Genes 




















Figure 5-2 Comparison of 2-DE gels containing proteins from P. putida harvested 
from (a) GP-I and (b) GP-II. The numbers are the Standard Spot Numbers 
assigned by PDQuest. Numbered spots in (b) were found to have at least 1.5-fold 
greater intensities compared to spots in the equivalent positions of the other gel; 
among these, those identified in gel (a) were found differentially expressed with 
p<0.05. 
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Table 5-1 Identification of protein spots found changed in abundance by a threshold of 1.5-fold in P. putida grown in GP-II compared 
with GP-I. Among them, differentially expressed proteins with a p-value of 0.05 in Student’s t-test are highlighted in bold. 
Spot 








3608 ATP synthase subunit B, AtpD NP_747513 gi|26992088 13 (41%) 131 0.56 P. putida KT2440 
3828 DnaK AAX24095 gi|60549563 12 (22%) 88 0.54 P. putida PCL1445 
4305 Transaldolase, Tal Q88KX1 gi|39932174 11 (34%) 84 67.6 P. putida KT2440 
4604 Phosphopyruvate hydratase, Eno NP_743769 gi|26988344 11 (27%) 126 3.15 P. putida KT2440 
4711 Chaperonin GroEL NP_743520 gi|26988095 9 (29%) 85 0.65 P. putida KT2440 
4803 Outer membrane protein, bacterial surface antigen family ZP_00900044 gi|82737192 10 (16%) 75 1.96 P. putida F1 
5301 Antioxidant, AhpC/Tsa family NP_743245 gi|26987820 8 (60%) 105 1.88 P. putida KT2440 




Ionotropic glutamate receptor:Bacterial 
extracellular solute-binding protein, family 
3 
ZP_00899037 gi|82736177 10 (41%) 125 0.57 P. putida F1 
5307 2-Hydroxypent-2,4-dienoate hydratase, DmpE CAA43225 gi|45682 12 (47%) 130 0.53 
Pseudomonas 
sp. CF600 
5308 Alkyl hydroperoxide reductase, C subunit NP_744587 gi|26989162 5 (32%) 76 0.62 P. putida KT2440 
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5502 Phosphoglycerate kinase ZP_00902624 gi|82739840 7 (22%) 82 0.46 P. putida F1 
5603 Malic enzyme ZP_00898977 gi|82736117 17 (44%) 167 2.20 P. putida F1 
5708 Glutamine synthetase, type I NP_747147 gi|26991722 14 (31%) 106 1.52 P. putida KT2440 
5714 Putative fumarate hydratase, class I CAK14043 gi|95109343 21 (30%) 137 1.58 P. entomophila L48 
5716 Glutamine synthetase, type I NP_747147 gi|26991722 8 (20%) 82 0.56 P. putida KT2440 
5803 Chaperone protein htpG Q88FB9 gi|38257992 10 (16%) 72 0.19 P. putida KT2440 
5809 ATP-binding region, ATPase-like ZP_00899672 gi|82736817 11 (20%) 90 0.48 P. putida F1 
6202 DNA-binding stress protein, putative ZP_00902326 gi|82739527 8 (64%) 121 8.62 P. putida F1 
6302 Glucose-1-phosphate uridylyltransferase CAK15107 gi|95110399 13 (43%) 119 1.57 P. entomophila L48 
6306 Extracellular solute-binding protein, family 3 ZP_00900771 gi|82737928 11 (40%) 134 2.17 P. putida F1 
6312 NH(3)-dependent NAD(+) synthetase Q88DF6 gi|46396390 9 (36%) 124 0.49 P. putida KT2440 
6314 2-Hydroxymuconic semialdehyde dehydrolase, DmpD CAA36993 gi|45680 12 (51%) 127 0.55 
Pseudomonas 
sp. CF600 
6403 Carbamate kinase ZP_00898791 gi|82735930 10 (24%) 80 0.35 P. putida F1 
6406 Putrescine ABC transporter, periplasmic putrescine-binding protein, PotF-2 NP_747282 gi|26991857 12 (37%) 110 0.50 
P. putida 
KT2440 
6609 Aspartate ammonia-lyase, AspA ZP_00899396 gi|82736539 8 (21%) 78 2.9 P. putida KT2440 
6706 2-Hydroxymuconic semialdehyde dehydrogenase, DmpC CAA36992 gi|45679 11 (34%) 141 0.46 
Pseudomonas 
sp. CF600 




6804 Dihydrolipoamide acetyltransferase ZP_00901692 gi|82738870 9 (21%) 78 1.86 P. putida KT2440 
7201 ATP synthase subunit D, AtpH NP_747516 gi|26992091 6 (37%) 78 0.44 P. putida KT2440 
7302 Acetylglutamate kinase NP_747390 gi|26991965 12 (39%) 120 2.54 P. putida KT2440 
7305 Succinyl-CoA synthetase alpha subunit NP_746302 gi|26990877 8 (30%) 86 0.25 P. putida KT2440 
7314 Ribosomal protein L25 ZP_00901787 gi|82738968 12 (51%) 111 2.21 P. putida F1 
7316 Succinyl-CoA synthetase alpha subunit NP_746302 gi|26990877 7 (32%) 74 1.60 P. putida KT2440 
7320 Acetaldehyde dehydrogenase (acylating), DmpF CAA43226 gi|45683 10 (33%) 93 0.17 
Pseudomonas 
sp. CF600 
7403 4-Hydroxy-2-oxovalerate aldolase, DmpG CAA43227 gi|45684 7 (27%) 107 0.45 Pseudomonas sp. CF600 
7404 4-Hydroxy-2-oxovalerate aldolase, DmpG CAA43227 gi|45684 5 (20%) 92 0.60 Pseudomonas sp. CF600 
7407 4-Hydroxy-2-oxovalerate aldolase CAA43227 gi|45684 7 (27%) 107 4.01 Pseudomonas sp. CF600 
7509 Xenobiotic reductase A, XenA NP_743414 gi|26987989 10 (26%) 132 142.6 P. putida KT2440 
7511 Succinyl-CoA synthase, beta subunit AAY91016 gi|68343410 12 (25%) 101 1.97 P. fluorescens Pf-5 
7608 Succinic semialdehyde dehydrogenase ZP_00900676 gi|82737832 14 (26%) 102 1.79 P. putida F1 
7616 Serine hydroxymethyltransferase, GlyA-2 NP_742832 gi|26987407 8 (25%) 101 1.83 P. putida KT2440 
7706 Aldehyde dehydrogenase family protein NP_742708 gi|26987283 13 (27%) 95 0.21 P. putida KT2440 
7710 Dihydrolipoamide dehydrogenase NP_746304 gi|26990879 11 (29%) 73 0.56 P. putida 
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KT2440 
8301 Lysine-arginine-ornithine-binding periplasmic protein  ZP_00900581 gi|82737735 7 (34%) 74 0.48 P. putida F1 
8403 L-asparaginase II, AnsA NP_744601 gi|26989176 9 (24%) 74 1.71 P. putida KT2440 
8703 Dihydrolipoamide dehydrogenase NP_746304 gi|26990879 15 (33%) 176 2.72 P. putida KT2440 
8802 Glucans biosynthesis protein G precursor Q88D03 gi|32469695 18 (36%) 138 0.45 P. putida KT2440 








Table 5-2 Functional categories and the involved biological processes (obtained 
from KEGG database) of the differentially expressed proteins. 
 
Spot Protein Function Category Biological Process 
3608 ATP synthase subunit B, AtpD Metabolism 
KO00190: Oxidative 
phosphorylation 
4305 Transaldolase, Tal Metabolism KO00030: Pentose phosphate pathway 
















Metabolism KO00362: Benzoate degradation via hydroxylation 
6306 
Extracellular solute-
binding protein, family 
3 















KO02010: ABC transporters 
6609 Aspartate ammonia-lyase, AspA Metabolism 
KO00910: Nitrogen metabolism, 


















Metabolism KO00362: Benzoate degradation via hydroxylation 






Metabolism - a) 
a)  Not available in KEGG database.  
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5.3.3 Differentially Expressed Catabolic Enzymes 
Proteome analysis revealed the differential expression of 6 enzymes that were 
directly involved in the substrates biodegradation. Among them, DmpC, DmpD, 
DmpE, DmpF, and DmpG were catabolic enzymes that were responsible for phenol 
biodegradation and the cometabolic transformation of 4-cp (Figure 5-3). Aspartase 
(AspA) converted aspartate to fumarate and ammonia. Under aerobic conditions, this 
reaction fed the TCA cycle. In E. coli and other enterobacteria, the enzyme also 
assists in anaerobic fumarate respiration by providing fumarate from aspartate 
(Sonawane et al. 2003). No catabolic enzymes involved in the ortho-cleavage 
pathway were found in the proteome analysis, indicating that P. putida P8 utilized the 
meta-cleavage pathway to catabolize phenol and 4-cp. The amounts of the five 
catabolic enzymes for phenol and 4-cp were higher in the first growth phase, while 
the enzyme aspartase (EC4.3.1.1) was found more abundant in the second growth 
phase. These findings, at the protein level, very well support the reported kinetic 
results in which the P. putida P8 cells preferentially utilized phenol in the first growth 
phase while glutamate was mainly utilized in the second growth phase.  
5.3.4 Other Metabolic Changes 
Furthermore, cellular responses of P. putida P8 to the growth on the aromatic 
mixture were also elucidated. In particular, several heat shock and oxidative stress 
proteins (DnaK, GroEL, HtpG and AhpC, etc.) were induced during cell growth on 
the mixture. Heat shock response to elevated temperatures or a large number of 
chemicals is one of the most widely studied and best characterized environmental 
responses in various bacteria, such as E. coli (Diamant et al. 2001), P. putida KT2440 








Figure 5-3 Catabolism of phenol and glutamate in the ternary cometabolic 






Heat shock proteins (Hsps) play an important role in cell survival, functioning 
in protein renaturation, degradation or refolding after stress, and preventing protein 
aggregations (Hendrick and Hartl 1993; Ellis and Hemmingsen 1989).  Benndorf et 
al.(2001) reported the induction of GroEL and DnaK in Acinetobacter calcoaceticus 
in response to phenol and catechol exposures, indicating the importance of Hsps in the 
adaptation to aromatic compounds. In this cometabolic system, the expression of Hsps 
(DnaK, GroEL and HtpG) allowed P. putida P8 to adapt and survive in the aromatic 
pollutants. A feature of aromatic compounds such as phenol and 4-cp with regards to 
biodegradation is their reactivity. P. putida P8 synthesized AhpC in response to its 
growth on the ternary cometabolic system, detoxifying reactive oxygen species 
generated by redox cycling during the biodegradation of the aromatic compounds. 
Similarly, a number of proteins involved in detoxification, oxidative stress response 
and protein folding mechanisms such as a protein of the AhpC/Tsa family and DnaK 
have been identified in P. putida grown on phenol (Kurbatov et al. 2006).  As 
revealed by the quantitative analysis, the expression level of all the identified Hsps 
and oxidative stress proteins in the two growth phases, GP-I and GP-II, did not 
change significantly, indicating that the general stresses exerted on P. putida in both 
growth phases were almost at the same level. According to the kinetic data, phenol 
and 4-cp were utilized in the GP-I and the i-Lag, not in the GP-II, where only 
glutamate was utilized. However, 4-cp was not completely mineralized in the 
cometabolic biodegradation system (Wang et al. 2003; Wang and Loh 2000). During 
the metabolism of 4-cp by Azotobacter sp. GP1, the meta-cleavage product was 
identified as 5-chloro-2-hydroxymuconic semialdehyde (Wieser et al. 1994). The 
stress proteins expressed in P. putida P8 during the GP-II phase were most likely 
induced by toxic intermediates generated during the cometabolic transformation.  
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Xenobiotic reductase A (XenA) was also induced during both growth phases 
but it was found up-regulated in GP-II. Xenobiotic reductases are a group of bacterial 
enzymes known to catalyze the reduction of the olefinic bond of α,β-unsaturated 
carbonyl compounds including ketones and esters, constituting a bacterial subgroup of 
the Old Yellow Enzyme (OYE) family and are monomeric, homodi- or tetrameric, 
NAD(P)H-dependent, FMN-containing oxidoreductases (Griese et al. 2006). XenA 
was originally identified in a P. putida strain isolated from nitroglycerin-contaminated 
soil (Blehert et al. 1997). Recently, evidence has been reported that XenA can 
participate in the 8-hydroxycoumarin pathway of P. putida 86 (Griese et al. 2006). 
However, it was also highly expressed in P. putida II-B grown in the absence of 
coumarins (Blehert et al. 1997). The broad substrate specificity of XenA makes it an 
ideal enzyme for participation in the biodegradation of potentially toxic xenobiotic 
compounds. On the other hand, XenA was also found in the genome sequence of P. 
putida KT2440 that did not encode the 8-hydroxycoumarin pathway, suggesting that 
it might have several distinct biological functions (Jimenez et al. 2002). It has been 
proposed to be a member of the oxidative stress response system (Blehert et al. 1999; 
Kohli and Massey 1998). Segura et al. (2005) showed that the growth of xenA 
knockout P. putida mutant in M9 minimal medium with glucose was reported to be 
considerably slower than that of the wild type. This was further exacerbated in the 
presence of toluene, indicating that XenA played an important role in solvent 
tolerance in P. putida. In the current cometabolic biodegradation system, it is 
reasonable to draw the conclusion that XenA expressed in P. putida P8 could be 
involved in the biotransformation of 4-cp as well as the detoxifying process in 
response to the generation of certain toxic intermediates, which had been accumulated 
to the highest levels in GP-II.  
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ATP synthase (ATPase) is a complex membrane protein that catalyzes the 
synthesis of ATP from ADP and phosphate and the hydrolysis of ATP (Yoshida et al. 
2001). It is composed of several subunits functioning as a motor, pumping ions in and 
out of the cells. Two of those subunits have been identified in this study: ATP 
synthase subunit B (AtpD, spot 3608) and ATP synthase subunit D (AtpH, spot 7201) 
in the F1 ATPase. Down-regulation of AtpD was observed in P. putida P8 during the 
GP-II growth. Although the difference in the expression level of AtpH failed to pass 
the statistical analysis, the averaged amount of AtpH synthesized in P. putida P8 cells 
grown in GP-II was lower than those grown in GP-I. Compared to GP-I, the down-
regulation of ATPase in GP-II might be due to the increased synthesis of ATPase in 
GP-I in response to the utilization of the toxic aromatic compounds phenol and 4-cp. 
In order to survive and adapt to these aromatic substrates such as phenol, extra energy 
was usually required because a number of energetically expensive adaptation 
mechanisms would have been triggered (Santos et al. 2004).  
Two proteins involved in carbohydrate metabolism were found up-regulated in 
P. putida P8 cells grown in GP-II. One was identified as transaldolase (Tal), an 
enzyme catalyzing the reversible transfer of a three-carbon ketol unit from 
sedoheptulose-7-phosphate to glyceraldehyde-3-phosphate to form erythrose-4-
phosphate and fructose-6-phosphate. The pentose phosphate pathway of carbohydrate 
metabolism is an oxidative pathway, producing not only the reduced NADPH which 
is required for many biosyntheses but also pentoses required for the synthesis of 
nucleic acid components. The second protein identified with a function in 
carbohydrate metabolism was phosphopyruvate hydratase (Eno), an enzyme that 
catalyzes the formation of an enol by the dehydration of 2-phosphoglycerate. This 
reaction is involved in the glycolysis pathway, which is the main pathway for 
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anaerobic degradation of carbohydrates found in most groups of microorganisms. An 
amount of 36 or 2 moles of ATP is generated when 1 mole of glucose is consumed in 
the pentose phosphate pathway and the glycolysis pathway, respectively (Cohen 
2004). The up-regulation of both of these two enzymes suggests that these two 
pathways have been induced in P. putida grown in GP-II during the utilization of 
glutamate. Considering the decreased synthesis of ATPase and ABC (ATP-binding 
cassette) transporters, this might be an alternative strategy employed by the cells to 
produce energy to maintain cell growth in the GP-II phase. 
Transport proteins involved in the environmental information processing made 
up another group of differentially expressed proteins. In gram-negative bacteria, the 
ABC  transport systems consist of three or four proteins: the ATP-binding subunit, 
one or two permeases, and a periplasmic binding protein (Segura et al. 2005). Two of 
the proteins differentially expressed in the GP-I and GP-II phases were the amino acid 
ABC transporter, periplasmic amino acid-binding protein and the putrescine ABC 
transporter, periplasmic putrescine-binding protein. Both of these were involved in the 
transport of amino acids and they were synthesized during growth on both the GP-I 
and GP-II phases. The down-regulation of these two ABC transporters suggests that 
the decreased transport of amino acids in GP-II compared to GP-I might be due to the 
main utilization of glutamate in GP-II instead of phenol and 4-cp in GP-I, where 
transport systems were most likely induced for the uptake of additional growth 
substrates as a strategy to make available alternative substrates for ATP synthesis. In 
fact, P. putida P8 cell growth in the GP-I phase was significantly slower than that in 
the GP-II phase, correlating well with the proposed explanation. Another periplasmic 
protein, extracellular solute-binding protein, family 3 (spot 6306, gi|82737928) with a 
signal peptide cleavage site between the residues 25 and 26 predicted by online 
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program SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP) was found up-
regulated in P. putida P8 cells grown in GP-II, suggesting its possible function in 
coping with the toxicity of phenol and 4-cp in the GP-I phase and also in facilitating 
glutamate metabolism in GP-II.  
5.4 Concluding Remarks 
The proteome profiles of P. putida P8 grown in the ternary substrate mixture 
consisting of phenol, 4-cp and glutamate was investigated by means of 2-DE and 
MALDI-TOF analyses for the first time. A total of 49 proteins, according to the 
threshold criterion with a threshold of 1.5-fold, were excised and identified. Among 
them, 16 proteins that passed the Student’s t-test (p<0.05) were considered 
differentially expressed in two separated growth phases (GP-II vs. GP-I). The 
catabolic enzymes directly participating in the biodegradation of the mixed pollutants 
were analyzed. In addition, the cellular responses of P. putida P8 grown during the 
two exponential growth phases were recorded. The expression of particular functional 
protein groups, like stress response and detoxifying proteins, transport proteins, and 
proteins involved in the energy or carbohydrate metabolisms were discussed. The data 
obtained in this study provide evidence at the molecular level for the biphasic growth 
observation which was also analyzed at the kinetics level (Wang et al. 2003). 
Furthermore, the results show that cells growing on a mixture of aromatic substrates 
undergo significant physiological changes. Although a large number of studies have 
investigated the bacterial responses to toxic aromatic compounds, this study is the 
first proteome analysis of bacterial physiological responses during the cometabolic 
biotransformation of an aromatic pollutant mixture. 
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6 COMETABOLISM OF CARBAZOLE IN PRESENCE 
OF SALICYLATE AND P-CRESOL: GLOBAL 




Carbazole is an N-heterocyclic aromatic compound derived from coal tar and 
crude oil (Nestler 1974) and is known to possess mutagenic and toxic activities (Jha 
and Bharti 2002). It is also involved in the production of dyes, medicines, and plastics 
(Ouchiyama et al. 1993) and it has often been found in the environments (Mueller et 
al. 1991; Goerlitz et al. 1985).  
To remediate carbazole-contaminated environments, microbial approaches 
have been extensively studied. A wide variety of carbazole-degrading bacteria have 
been isolated and characterized (Gai et al. 2007; Inoue et al. 2005; Riddle et al. 2003; 
ShotboltBrown et al. 1996). On the other hand, carbazole is often found to co-exist 
with other contaminants in the environments. The presence of certain compounds has 
been found to severely affect the mineralization of carbazole (Millette et al. 1998; 
Millette et al. 1995). Among them, p-cresol is the main inhibitor for carbazole 
biodegradation. p-Cresol is used in disinfectants, fumigants, photographic developers 
and explosives and in the manufacture of synthetic resins (Tallur et al. 2006). In 
addition, it is a naturally occurring metabolic product by bacteria under anaerobic 
conditions (Dari and Barker 1985). Since carbazole, p-cresol and other contaminants 
are usually present in the environment as a pollutant mixture, Millette et al. (1995) 
investigated the substrate interactions qualitatively during biodegradation of carbazole 
in the mixture.  
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In order to quantify these substrate interactions in the biodegradation of 
carbazole-containing mixtures, Yu and Loh (2002) studied the substrate interactions 
during cell growth on carbazole-containing mixtures with p-cresol and sodium 
salicylate using P. putida ATCC 17484. Both p-cresol and sodium salicylate could be 
utilized by this bacterium as the sole carbon and energy sources. Carbazole was a 
non-growth substrate for P. putida ATCC 17484 and could only be cometabolically 
utilized. Strong substrate interactions were observed when cells grew on the ternary 
substrate mixture. The presence of p-cresol was found to inhibit the biodegradation of 
sodium salicylate and carbazole. Decreased average biodegradation rates for both 
sodium salicylate and carbazole were observed. Furthermore, the extent of the 
carbazole degradation was reduced, especially with an initial p-cresol concentration 
higher than 20 mg/L.  
There is no doubt that knowledge based on the kinetics of biodegradation is 
important for the evaluation of the persistence of pollutants and will facilitate the 
design of biodegradation facilities. However, besides kinetics studies, the 
physiological state of the involved bacteria in the biodegradation system is also an 
important aspect, which to date has not been extensively studied. A comprehensive 
understanding of the bacterial physiology during biodegradation processes may 
provide useful insights into the development of effective approaches to stimulate or 
prepare the biological catalysts for in situ bioremediation applications (Guerin and 
Boyd 1995). Using the previously reported (Yu and Loh 2002) cometabolic 
biodegradation system containing carbazole, sodium salicylate and p-cresol as a 
model system, the focus of the study presented in this Chapter was to understand the 
physiological changes of P. putida ATCC 17484 in response to the inhibition of p-
cresol through a proteomics approach.  
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6.2 Experimental Design 
6.2.1 Sample Description 
In the cometabolic system, P. putida ATCC 17484 cells were grown on a 
mixture of carbazole, sodium salicylate, and p-cresol at initial concentrations of 0.5 
mg/L, 200 mg/L, and 10 mg/L (labeled L) or 70 mg/L (labeled H), respectively. Cells 
were harvested at the mid-exponential phases of both the L and H conditions at 
specific growth rates of 0.39±0.04 h-1 (L) and 0.41±0.04 h-1 (H) with OD600 of around 
0.10 (L) and 0.25 (H) a.u., respectively.  
6.2.2 Quantitative Analysis 
Protein spots whose averaged normalized quantities in H were at least 1.5-fold 
higher and 0.67-fold lower versus L were excised from the gels for identification. 
Within this set of protein spots, comparison of the proteome profiles was performed 
by the Student’s t-test (p<0.05). 
6.3 Results and Discussion 
6.3.1 Cell Growth 
The model cometabolic system used in this study has been previously reported 
(Yu and Loh 2002), where the substrate interactions among carbazole, salicylate and 
p-cresol were quantitatively investigated. The growth profiles of P. putida ATCC 
17484 grown under two different conditions, having specific growth rates of 
0.39±0.04 h-1 and 0.41±0.04 h-1, are shown in Figure 6-1. The cells were harvested at 
the points labeled “P”. Interestingly, there was no significant difference in the specific 
growth rate when the cells were grown at 10 mg/L (L) or 70 mg/L (H) p-cresol. This 
 152
is consistent with previously reported cell growth data. With p-cresol concentration 
increased, the specific growth rate increased and reached a maximum (~0.45 h-1) with 
50 mg/L of p-cresol; at higher p-cresol concentrations, the specific growth rate 
decreased monotonically (Yu and Loh 2002). Although it has been shown that p-
cresol inhibited the biodegradation rate and/or extent of sodium salicylate and 
carbazole degraded, especially at high concentrations, the cell growth was not 
significantly affected under the investigated conditions (L and H). 
 
Figure 6-1 P. putida ATCC 17484 cell growth profiles during biodegradation of 
carbazole, sodium salicylate and p-cresol. Data shown correspond to 0.5 mg/L 
carbazole, 200 mg/L sodium salicylate and 10 mg/L p-cresol (●) or 70 mg/L (▲) 
p-cresol. Harvesting points were annotated with “P”. 
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6.3.2 Proteome Analysis of P. putida ATCC 17484 
In order to elucidate the physiological changes associated with the 
cometabolic biodegradation of carbazole in the presence of sodium salicylate and p-
cresol, a comparative analysis of the 2-DE gel profiles obtained from the cells 
harvested was conducted. Among the consistently and dominantly detected protein 
spots, 25 spots were selected based on the 1.5-fold threshold criterion (Figure 6-2). 
They were identified through PMF approach and summarized in Table 6-1. Several of 
the proteins of interest gave rise to a doublet (e.g. spots 8403 and 8431) or triplet (e.g. 
spots 5750, 5751 and 6727) of spots with similar Mr and slightly different pI due to 
either post-translational modifications (PTMs) or minor amino acid changes (Packer 
et al. 1997). Eight out of the 25 protein spots were observed to differ statistically in 
abundance at  p<0.05 in the Student’s t-test.  
6.3.3 Global Physiological Responses 
Exposure of bacteria to aromatic hydrocarbons is known to induce the 
synthesis of a set of proteins referred to as heat shock proteins (Hsps) in addition to 
the induction of certain biodegradative enzymes. Within the 25 selected protein spots 
in this study, three Hsps were identified in P. putida ATCC 17484 grown on the 
ternary substrate system: DnaK (spot 4842), GroEL (spot 5705), and ATPase-like 
ATP-binding region (spot 5749). Protein spot 4842 was identified as the DnaK 
protein, a member of the Hsp70 family. Hsp70 chaperones play important roles in 
preventing protein aggregation and assisting in the refolding of misfolded proteins 


















Figure 6-2 2-DE of proteins extracted from P. putida ATCC 17484 grown in 0.5 
mg/L carbazole, 200 mg/L sodium salicylate and (a) 10 mg/L p-cresol or (b) 70 
mg/L p-cresol. Gels were sliver stained. A total of 25 spots (annotated in gel (a)) 
were selected based on the 1.5-fold threshold; among them, 8 (annotated in gel 
(b)) were observed to differ significantly in abundance (p<0.05).  
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Table 6-1 Identification of protein spots that were found changed in abundance by a threshold of 1.5-fold (H vs. L) in P. putida. Among 
them, differentially expressed proteins with a p-value of 0.05 in Student’s t-test are highlighted in bold face. 
Spot 








4626 ATP synthase subunit B YP_238186 gi|66048345 16 (36%) 97 0.6 P. syringae pv. syringae B728a 
4646 AtpD beta synthase chain, AtpD CAC88839 gi|18077539 9 (46%) 88 0.41 P. agarici 
4829 Outer membrane protein, bacterial surface antigen family  ZP_00900044 gi|82737192 16 (20%) 116 1.51 P. putida F1 
4842 Molecular chaperone DnaK  YP_237263 gi|66047422 11 (17%) 89 2.32 P. syringae pv. syringae B728a 
5309 Glucose-1-phosphate uridylyltransferase, GalU CAK15107 gi|95110399 13 (43%) 119 0.42 
P. entomophila 
L48 
5705 Chaperonin GroEL YP_261919 gi|70732163 10 (20%) 84 0.65 P. fluorescens Pf-5 
5744 Prolyl-tRNA synthetase, ProS NP_743365 gi|26987940 23 (39%) 98 0.33 P. putida KT2440 
5749 ATP-binding region, ATPase-like ZP_00899672 gi|82736817 24 (32%) 131 0.11 P. putida F1 
5750 Glutamine synthetase, GlnA BAE44186 gi|74267378 10 (24%) 101 0.11 P. taetrolens 
5751 Glutamine synthetase, type I, GlnA NP_747147 gi|26991722 11 (35%) 113 0.09 P. putida KT2440 
5863 Polyribonucleotide nucleotidyltransferase, Pnp YP_257981 gi|70734341 8 (14%) 75 0.16 P. fluorescens Pf-5 
5867 Polyribonucleotide nucleotidyltransferase, Pnp CAA77048 gi|3650364 9 (16%) 76 0.08 P. putida 
6608 ATP synthase subunit A YP_238188 gi|66048347 9 (20%) 78 4.95 P. syringae pv. syringae B728a 
6609 ATP synthase subunit A  YP_238188 gi|66048347 10 (21%) 105 0.40 P. syringae pv. syringae B728a 
6629 ATP synthase subunit A  YP_238188 gi|66048347 8 (20%) 82 0.16 P. syringae pv. syringae B728a 
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6727 Glutamine synthetase, GlnA BAE44186 gi|74267378 13 (29%) 119 0.16 P. taetrolens 
7336 Succinyl-CoA synthetase alpha subunit, SucD NP_746302 gi|26990877 4 (21%) 78 1.54 P. putida KT2440 
7611 Dihydrolipoamide dehydrogenase YP_347348 gi|77457843 9 (21%) 88 1.54 P. fluorescens PfO-1 
7702 Aldehyde dehydrogenase family protein  NP_742708 gi|26987283 13 (27%) 95 2.14 P. putida KT2440 
7809 Tail-specific protease Prc NP_743876 gi|26988451 20 (35%) 211 0.51 P. putida KT2440 
8310 Succinyl-CoA synthetase alpha subunit, SucD YP_258848 gi|70729112 8 (30%) 100 1.76 P. fluorescens Pf-5 
8408 Beta-ketothiolase, PhbA BAA36197 gi|4062964 12 (37%) 99 6.67 Pseudomonas sp. 61-3 
8410 
Putrescine ABC transporter, 
periplasmic putrescine-binding 
protein 
YP_262984 gi|70733211 8 (20%) 78 0.59 P. fluorescens Pf-5 
8431 Beta-ketothiolase, PhbA BAA36197 gi|4062964 11 (31%) 110 3.92 Pseudomonas sp. 61-3 
8618 Inositol-5-monophosphate dehydrogenase, GuaB YP_262020 gi|70732264 15 (27%) 84 2.19 P. fluorescens Pf-5 
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Protein 5705 was identified as one of the members in the Hsp60 family, the 
GroEL chaperonin. Protein complexes formed by the Hsp60 chaperonin GroEL and 
the Hsp10 co-chaperonin GroES utilize ATP binding and hydrolysis to drive ordered 
conformational changes, playing an essential role in assisting in the proper folding of 
newly synthesized and newly translocated proteins to their native state (Frydman 
2001). Protein 5749, which was identified as an ATP-binding region, ATPase-like, is 
a molecular chaperone of the Hsp90 family. The Hsp90 family is part of a powerful 
chaperone network protecting proteins from denaturation under environmental 
stresses, such as temperature upshifts (Nair et al. 1996) and exposures to a variety of 
chemicals including phenol (Santos et al. 2004). Interestingly, no difference in the 
abundances of all the three Hsps were observed when P. putida ATCC 17484 were 
exposed to 10 mg/L or 70 mg/L p-cresol in the presence of carbazole and sodium 
salicylate, suggesting that the cytoplasmic proteins were damaged to comparable 
extents under the two conditions.  
Spot 5309 was identified as Glucose-1-phosphate uridylyltransferase or GalU, 
an enzyme that catalyzes the formation of UDP-glucose from glucose-1-phosphate 
and UTP. In gram-negative bacteria such as P. putida, lipopolysaccharide (LPS) is a 
major component of the outer membrane and has three features: O antigen, core, and 
lipid A. GalU is essential for the production of UDP-glucose, which is required for the 
synthesis of a complete LPS core (Dean and Goldberg 2002). The down-regulation of 
the protein GalU suggests that chemical stress exerted by p-cresol during P. putida 
cell growth on the ternary biodegradation system might involve certain modifications 
of the cell envelope. Modification of the cell envelope in P. putida has also been 
suggested when cells were exposed to phenol (Santos et al. 2004) and chlorophenoxy 
herbicides (Benndorf et al. 2006). Reva et al. (2006) investigated the stress response 
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of P. putida KT2440 to benzoate using transcriptome analysis and found that most 
indispensable key elements that cope with toxic levels are located in the cell envelope; 
similarly, a transcriptome analysis by Dominguez-Ceuvas et al. (2006) showed that 
the primary reaction of P. putida to the presence of aromatic compounds took place at 
the level of the cell envelope.  
 Protein beta-ketothiolase was identified in two gel spots (8408 and 8431). This 
protein catalyzes the condensation of two acetyl-CoA molecules to produce 
acetoacetyl-CoA as an intermediate step in fatty acid or phospholipid biosynthesis 
(Kim et al. 2006), which are intimately related to the cell membrane. The cytoplasmic 
membrane of bacterial cells plays a vital role in many processes such as solute 
transport, maintaining the energy status and regulation of the intracellular 
environment (Sardessai and Bhosle 2002). It has been concluded that it is not the 
structure but the concentration of the chemicals that accumulated in the cell 
membrane that is crucial in its toxicity effect (de Bont 1998; Kieboom et al. 1998). A. 
calcoaceticus was reported to counter toxicity effects by altering the degree of 
saturation of fatty acids in its membrane (Benndorf et al. 1997; Loffhagen et al. 1997). 
Various strains of P. putida were found to respond to solvents and aromatic 
compounds by shifting their cis-to-trans ratio of unsaturated fatty acids in the 
membrane when exposed to chemicals such as phenol, 4-cp, toluene, and xylene 
(Pinkart and White 1997; Pinkart et al. 1996; Heipieper and Debont 1994; Weber et al. 
1993). It has been shown that P. putida cells exposed to toxic chemicals maintained a 
balance between membrane fluidity and permeability by changing the ratio of cis to 
trans unsaturated fatty acids (Ramos et al. 2002; Ramos et al. 1997). In this study, the 
increased expression of beta-ketothiolase suggests that there might have been an 
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alteration of the chemical composition or proportion of the cell membrane lipids when 
P. putida was grown at the higher p-cresol concentration. 
 Several other identified proteins were also differentially expressed, such as 
two proteins involved in the transport and metabolism of amino acids. Protein spots 
5750, 5751 and 6727 were identified as glutamine synthetase GlnA, an enzyme 
involved in the metabolism of glutamine. Protein spot 8410 was identified as the 
periplasmic putrescine-binding component of putrescine ABC transporter. Repression 
of both of these two proteins was observed, suggesting the decreased biosynthesis of 
amino acids in P. putida grown on the ternary substrate biodegradation system with 
70 mg/L p-cresol compared to that grown with 10 mg/L p-cresol. Considering that 
biosynthesis of amino acids is an energy-consuming process, the regulation of amino 
acid metabolism might be linked to the energetic status of P. putida ATCC 17484 and 
it was down-regulated in order to provide energy for survival at high p-cresol 
concentration. Repressed biosynthesis of amino acids was also reported by Benndorf 
et al. (2006) in P. putida KT2440 in response to chlorophenoxy herbicides. In 
addition, protein spot 7702 was identified as a protein of the aldehyde dehydrogenase 
(ALDH) family. ALDHs catalyze the oxidation of aldehydes to their corresponding 
carboxylic acids (Perozich et al. 1999). The relatively broad specificity of this ALDH 
family protein makes it ubiquitous in various bacteria for biodegradation applications, 
especially in aromatic-degrading P. putida. Here in this ternary cometabolic 
biodegradation system, it was involved in the utilization of the substrates, producing 
energy for cell growth. It is not at all surprising to see the increased synthesis of this 
enzyme in P. putida grown on the ternary substrate system with higher p-cresol 
concentration because p-cresol itself is a growth substrate for P. putida ATCC 17484.  
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6.4 Concluding Remarks 
The proteome profiles of P. putida ATCC 17484 grown in the ternary 
cometabolic organic mixture consisting of carbazole, salicylate and p-cresol were 
investigated by means of 2-DE and MALDI-TOF analysis for the first time. A total of 
25 proteins, according to the threshold criterion with a threshold of 1.5-fold, were 
excised and identified. Among them, 8 protein spots which passed the Student’s t-test 
(p<0.05) were considered differentially expressed in the ternary substrate systems of 
0.5 mg/L carbazole, 200 mg/L sodium salicylate and 10 mg/L (L) or 70 mg/L (H) p-
cresol. The global physiological responses of P. putida cells grown under the two 
conditions with different p-cresol levels (L and H) were elucidated. The expression of 
several Hsps, proteins involved in the biosynthesis of cell envelope and membrane 
lipid metabolism, and proteins involved in the transport and metabolisms of amino 
acids as well as a degradative enzyme with relatively broad specificity have been 
discussed. The data obtained in this study provide a tentative understanding on the 
complex ternary substrate system at the molecular level. The comprehensive 
understanding of the bacterial physiology during the cometabolic biodegradation 
process will provide new insights into the design of more powerful bacteria with more 
efficient biodegradation capabilities. 
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7 CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Conclusions 
In the research presented here, we have attempted to apply proteomics tools to 
aromatic biodegradation and elucidated the physiological responses of P. putida 
during its biodegradation of aromatic compounds. Three model biodegradation 
systems including two ternary substrate cometabolic systems were selected for 
proteome analyses. Four types of physiological responses were observed through 
proteomics approaches: i) induction of gene sets required for the complete or partial 
biodegradation of substrates; ii) induction of Hsps and detoxifying proteins for 
adaptation to suboptimal growth conditions; iii) adaptation of the cellular metabolic 
processes to specific growth conditions; and iv) morphological changes related to 
shape, transport, and surface chemistry of P. putida cells. Specifically, the 
degradation pathways of P. putida P8 during growth on benzoate were elucidated 
directly at the protein level. Both branches (the hydrolytic branch and the 4-
oxalocrotone branch) of the meta-cleavage pathway during the biodegradation of high 
concentrations (800 mg/L) of benzoate by strain P8 were mapped and the activation 
of the meta-cleavage pathway at high benzoate concentrations was confirmed through 
proteomics approaches. The pathway elucidation is of great importance in 
understanding the fate of pollutants in biodegradation processes. At the same time, the 
physiological responses of P. putida P8 to growth on benzoate were discussed. Since 
various aromatic compounds can be funneled to benzoate in biodegrdation, these 
results will help us to improve the understanding of the biodegradation processes with 
high or fluctuating aromatic concentrations. In addition, two ternary substrate 
cometabolic biodegradation systems were analyzed using proteomics tools for the first 
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time. The biphasic growth of P. putida P8 on the mixed substrates containing phenol, 
4-cp and glutamate was elucidated directly at the protein level. The expression levels 
of the involved biodegradative enzymes were shown to correlate very well to the 
biphasic biodegradation kinetics. P. putida P8 cells were also shown to have 
undergone significant physiological changes during growth within the two 
exponential growth phases. Similarly, global physiological responses of P. putida 
ATCC 17484 during growth on a mixture of carbazole, sodium salicylate and p-cresol 
were uncovered. Interestingly, although p-cresol has been reported to inhibit the 
biodegradation rate and/or extent of sodium salicylate and carbazole, the physiology 
of P. putida did not change dramatically during growth under the two conditions with 
10 mg/L or 70 mg/L p-cresol investigated. Only 8 protein spots were found 
differentially expressed, including proteins related to the cell envelope and the 
cytoplasmic membrane. In all the biodegradation model systems investigated in this 
research, specific sets of Hsps and detoxifying proteins involved in oxidative stress 
response were identified in the proteome profiles of P. putida cells, indicating the 
importance of these stress-related proteins in biodegradation of aromatic compounds. 
On the other hand, these results provide potential target proteins for engineering P. 
putida towards better aromatic biodegradation performances with higher tolerance to 
aromatic substrates and better capabilities to detoxify chemical stresses during the 
biodegradation processes.    
 Collectively, these results demonstrate that proteomics tools can effectively be 
utilized to elucidate biodegradation pathways and global physiological responses in 
bacterial cells during biodegradation of aromatic compounds. Further insights into the 
regulatory network and a comprehensive understanding of the cells at work in 
biodegradation systems could be revealed over time when more genomic information 
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becomes available, especially for the complex cometabolic systems. However, these 
results have enhanced our understanding of the catabolic pathways and the physiology 
of P. putida during biodegradation of aromatic compounds. Significantly regulated 
proteins in the study have also presented potential avenues for cell lines 
improvements with enhanced toxic tolerance and biodegradation capabilities.  
7.2 Recommendations for Future Work 
Although improvements on the understanding of P. putida during 
biodegradation of aromatic compounds have been made through these studies, much 
work still needs to be done towards a more comprehensive understanding of P. putida 
at work, which may provide insights into the potential in situ applications of P. putida 
for the removal of aromatic pollutants. Several potential avenues of research are 
discussed below.  
The model biodegradation system with catabolic pathway switches for 
benzoate was first studied in our laboratory. The effect of initial benzoate 
concentration on the degradation pathways induced in P. putida P8 was elucidated in 
this study. This will help to further understand the biodegradation processes with high 
or fluctuating substrate concentrations. However, it was based on the optimal growth 
temperature for the introduced microorganism. In nature, microorganisms generally 
live in the environments that do not provide optimal growth conditions, thereby 
leading to the cross-adaptation between growth temperature changes and responses to 
chemical stress. Thus, to understand the bacterial response towards these two 
environmental stresses, the expression of Hsps and catabolic enzymes is especially 
important. The biodegradation of phenol by P. putida P8 serves as a simple model 
system for this study. The Hsps and the catabolic enzymes for phenol biodegradation 
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are two sets of proteins of interest. Proteome analysis can be applied to monitor the 
profiles of these two sets of proteins in P. putida grown at optimal or up-shifted 
temperature in the presence or the absence of phenol.  
In the current research, two cometabolic biodegradation systems with three 
substrates were studied at the proteome level for the first time. Although interesting 
results including the identification of several catabolic enzymes and physiological 
responses of P. putida have been obtained, more efforts need to be spent on these 
complex systems. For both of these systems, cometabolic biotransformation of a non-
growth substrate was involved. To better understand these systems, metabolome 
analysis will be a good complementary to proteome analysis. In addition, instead of 
analyzing the complex systems directly, several independent studies focused on 
different aspects of the biodegradation processes could be performed. For example, 
the effect of the addition of 4-cp to the biodegradation of phenol or the addition of 
carbazole to the biodegradation of salicylate on the involved P. putida cells could be 
elucidated through both proteomics and biochemical approaches. This may provide 
new insights into the molecular level understanding of cometabolism. Another 
example is the cellular response of P. putida ATCC 17484 to p-cresol. When P. 
putida ATCC 17484 cells encountered p-cresol in the culture media, just as P. putida 
KT2440 cells encountered toluene, they perceived it simultaneously as a potential 
nutrient to be utilized, as a membrane-damaging toxic drug to be extruded, and as a 
biomacromolecule-disrupting agent from which to protect proteins (Dominguez-
Cuevas et al. 2006). Tradeoff between the metabolic and the stress-response programs 
in P. putida cells exposed to p-cresol needs to be investigated using proteomics tools. 
This might provide a more definitive understanding of the inhibition of p-cresol and 
the P. putida responses during its biodegradation processes. All these ternary 
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substrate system-derived studies will help us understand the complex cometabolic 
biodegradation systems more specifically.  
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